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Abstract

To try to compete with conventional bioethanol production from sugar/starch feedstocks,
“whole-slurry”, high solids loading hydrolysis and fermentation of steam pretreated softwood
biomass was employed to obtain high sugar, high ethanol concentrations. However, two major
challenges were encountered; substrate recalcitrance limiting effective enzymatic hydrolysis and
high concentrations of inhibitors inhibiting effective sugar fermentation. The major focus of the
work described in this thesis was to assess the benefits of integrating sulphite treatments prior,
during and after steam pretreatment to enhance the effectiveness of the enzymatic hydrolysis of
the whole cellulose and hemicellulose derived slurry and the fermentation of the biomass derived
sugars.

Initial work focused on improving fermentation at high sugar concentrations (up to 25%
w/v) by improved strain selection, nutrient supplementation and the use of high cell density
growth Subsequently, sulphite post treatment was assessed to see if it could improve both the
hydrolysis of the whole slurry, containing both cellulose and hemicellulose, and the fermentation
of the softwood derived sugars. To try to maximize the beneficial influence of sulphite treatment
the softwood chips were treated prior to steam pretreatment, to result in sulphonation ahead of
lignin condensation, hopefully improving the extent of sulphonation with less sulphite loading.
This approach resulted in some improvements. However, it proved difficult to balance some of
the factors that influence the effectiveness of enzyme mediated hydrolysis, such as the extent of
suphonation, substrates size reduction and lignin condensation, although an improvement in
whole slurry fermentation was observed. To try to further improve this strategy a two stage,
alkali- followed by acid-sulphite approach was assessed, using sulphite in the first stage to

sulphonate the lignin and SO: in the second stage to further sulphonated the lignin while
iii



decreasing particle size. This resulted in high degree of sulphonation, enhanced delignification
and substantial substrate size reduction. Minimum lignin condensation and fermentation
inhibitors were detected. More than 160 g/L fermentable sugars and 80 g/L ethanol could be
achieved when using the two stage (alkali and acid) sulphite pretreatment of lodgepole pine
approach to generate a hemicellulose and cellulose whole slurry that could be readily hydrolysed

and fermented.



Lay Summary

As past US President Bush once said, “the world is addicted to o0il”. Bioethanol is one
way to find alternatives to oil for transport. In countries such as Brazil and the US, more than
10% of their transportation fuels are bioethanol. However, this bioethanol is made from sugar or
starch crops such as corn or wheat. The work in this thesis looks at the possibility of making
bioethanol from cheaper and more sustainably sourced wood residues. The complex nature of
lignocellulosic substrates compared to starch/sugar makes it difficult for biodegradative enzymes
to overcome the biomass recalcitrance structure to make fermentable sugars. A one-step sulfite
treatment was assessed to enhance both the enzymatic hydrolysis and the fermentation of wood
residues to bioethanol. A novel sulfite steam pretreatment allowed us to achieve more than 160
g/L fermentable sugars and 80 g/L ethanol using high solids loading softwood lodgepole pine

whole slurries.



Preface

Zhong N, Chandra R, Piddocke M, Hu J, Saddler JN (2017) Assessing the challenges of
high residual lignin and fermentation inhibitors in steam pretreated softwood whole
slurry. In preparation (Chapter I)

Zhong N, Chandra R, Saddler JN (2017) One step sulfite post-treatment to enhance both
hydrolysis and fermentation in steam pretreated softwood whole slurry. In preparation
(Chapter I1)

Zhong N, Chandra R, Saddler JN (2017) Sulfite steam pretreatment to enhance sugar and
ethanol production from softwood whole slurry. In preparation (Chapter I11)

Zhong N, Chandra R, Saddler JN (2017) Two stages of sulfite (alkali and acid) steam
pretreatment to achieve high sugar and ethanol production from softwood whole slurry.

In preparation (Chapter 1V)

Chandra R, Chu Q, Hu J, Zhong N, Lin M, Lee J, Saddler JN (2015) The influence of
lignin on steam pretreatment and mechanical pulping of poplar to achieve high sugar
recovery and ease of enzymatic hydrolysis. Bioresource Technology 199: 135-141.

(Chapter 111)

For paper | to IV, Na Zhong, Jack Saddler and Richard Chandra contributed to the

planning of the experimental work, interpretation of the results and drafting of the manuscripts.

Na Zhong carried out most of the laboratory work. For paper V Na Zhong helped develop the

research and performed some of the experimental work.

Vi



Table of Contents

N 0] 1 Tod OSSPSR ii
LAY SUIMIMBEY ...ttt etttk hb e e bt e e h e ekt eehe e e e be e emb e e ke e emb e e ebeeenbe e beeannee e v
= T RSP RRTROR Vi
TaDIE OF CONTENTS ...t ne et vii
LIST OF TADIES ..ottt nre s xiii
LEST OF FIQUIES. ..ttt bbbt bbbt na et nbe i Xvii
LISt OF ADDIFEVIATIONS ...ttt XXVii
ACKNOWIBAGEMENTS ..ottt bbbt XXX
D 7=To [ 0% 1 o] o ISR XXXI
Chapter 1: INTrOTUCTION ......ccuiiiiiiieceee bbbttt 1
11 LignoCEllUIOSIC DIOMASS........ccviiiiiiiiieieiee e 4
1.1.1 Lignocellulosic biomass COMPONENLS .........cciriiieriiieierie e 4

0 O - |11 ] oL USSR 5
1.1.3° HEMUCEHUIOSE ... 6

00 0 T oSSR 7

1.2 Softwood biomass for bioethanol producCtion ... 10
1.2.1  SOTtWOO CEII TYPES ... 10
1.2.2  SOftwoods TOr DIOCONVEISION .....c.veviiiiiiiiiieciieeee e 11

1.3 Steam pretreatment and POSt trEAMENT..........eiviiiiiiieiere e 13
1.3.1  Steam PretrealMeNnt ......o.i i 14
1.3.2  POSE-TrEALMENT ...t 16



1.3.3 Sulphite pretreatment to overcome the recalcitrance of lignocellulosic biomass..... 18

1.3.4 Sulphite treatment during steam explosion (pretreatment) for the production of pulp

and Pretreated SUDSIIALES .........ooi i 19
1.4 Mechanism of sulphite treatment of DIOMASS .........ccooeiiiiiiiiiiieee s 21
1.5 ENZymMatic NYArOIYSIS......ooiiiieiiee e e 24

1.5.1 BIiOCONVErSION ENZYME SYSTEIM......oiuiiiiiiiiiiiiiieii ettt bbb 24

1.5.2 Factors affecting enzymatic hydrolysis of lignocellulosic substrates....................... 26

1521 ENZYME FACTOTS....c.uiitiiiiiiieiieieiee e 26
1.5.2.2  SUDSEIAE TACTOIS.......uiiiiiiieieeieit et 28

1.5.3 High solid [0ading NYArolysiS ..........cccoiiiiiiiiiii s 29
1.6 FOrMENTALION ..ottt 32

1.6.1  Yeast Strain SEIECTION .......ccviiiieiiee s 32

1.6.2 High gravity fermentation............cccooiiiiiiiiieeeee s 34

1.6.3  Nutrient SUPPIEMENTATION........coiiiiiiie s 37

1.6.4 High cell density fermentation.............couriiiriiiene s 38

1.7 Inhibition of the fermentation of lignocellulosic hydrolysates and possible

AetOXITICALION STFATEGIES ....c.vieeeiie sttt bbb 39
1.7.1  INhibition MECNANISIM.......c.eiiiiicie e eas 41
1.7.2  DetoxXification MethOUS. ........ceiiiieiieii e 43

1.8  Thesis overview and ODJECTIVES .........ocoiiiiiiiiiieieie et 44

Chapter 2: Materials and Methods ...t s 48

2.1 2 1] 2 LSS 48

2.2 PretrEalMENT ... 48



2.2.1  ACId Steam PretreatMeNT .........coiuiiieieeieeee et 48

2.2.2 POSEIIEALMENT. ...ttt ettt e bt sae e et e et e e e be e nan e 48
2.2.3  Sulfite Steam PretreatMent ........ccoveiiieiire e 49
2.3 ENzZymatic HYArOIYSIS ... ..cviiiiiiieieiie e e 49
24 Microorganisms and yeast Propagation ..........cccceeeeieereeienieenesie e e 50
2.5  Media and fermentation .........ccoooiiieiie i 51
2.5.1 Media and fermentation ProtoCol............cccoiiiiiiiiiiiiiei e 51
2.5.2 Nutrient supplementation of fermentations ............cccoceveiiniinininieic 52

2.5.3 Hybrid hydrolysis and fermentation (HHF) and Separate hydrolysis and

FErMENtatioN (SHF) .....oeiiii et 53
2.5.4  Sulfite detOXITICATION. ........ciiiiiieiee e 53
2.6 ANAIYLICAl MENOAS ..o s 54
2.6. 1 SUGAIS. .. ettt n e 54
2.6.2  ETNANON ..o 55
2.6.3  INNIDITOIS ...t 55
2.7 Determining pretreated biomass COMPOSITION .......ccverierieriiiiirisieeeeeeee s 56
2.8 Substrates CharaCterization...........cooiiieiereierie i 57
2.8.1 Water retention VAluE (WRV) .....coiiiiiiiiiiee e 57
PR T N3 1 1 1o s B 7: 1 1 DRSPS 58
2.8.3  Fiber quality @nalySiS .........ccooiiiiieieie e 59
2.8.4 Degree of POIYMEIIZAtION .......coviiiiiiieieiee e 59
2.8.5  ACKHH QFOUP ..ttt b b bbbttt e bbb 61
2.8.6  SEM IMAGING ...viiiiiiiiiieitiiie ettt b bbbttt b 61



2.8.7 TR bbb 61
Chapter 3: ReSUITS and DISCUSSION ........ocviitiiiiiiiiiieiieieeeri ettt 63

3.1  Assessing the challenges of having high residual lignin and fermentation inhibitors in

steam pretreated SOftWOOd WHOIE SIUITIES. .....c.ooiiiiiiiiee e 63
3. L1 BACKGIOUNG ...ttt bbbt 63
3.1.2  ReSUILS aNd DISCUSSION .......ueiuiiiiiiieieieiiesie sttt 65

3.1.2.1 Hydrolysis of dissolving pulp and whole slurries from steam pretreated

softwood over a range of solids and enzyme 10adings. ........cccccovvririiniiiene i 67
3.1.2.2 Testing the fermentability of the liquid fraction of the steam pretreated

softwood whole Slurry NYArolySates. .........covieiiiiiieiee e 74
3.1.2.3 Comparing fermentation performance in the whole slurry hydrolysate (HHF) to
the liquid fraction of whole slurry hydrolysate. ... 86
3. 124 CONCIUSIONS ..ottt ene s 89

3.2 The potential of one step sulphite post treatment to improve both hydrolysis and

fermentation of the steam pretreated softwood Whole SIUITY...........ccooiiiiiiiiii 90
3.2.1  BACKGIOUNG ...ttt bbbttt 90
3.2.2  ReSUIES aNd QISCUSSTON ......oviiiiiieiieieie et 93

3.2.2.1 Sulphite detoxification of the water-soluble fraction of steam pretreated
10 107170 T Lo RS SSESSUSN 94

3.2.2.2  Sulphite treatment of the whole slurry over a range of sulphite loadings at room

TEIMPETALUIE ...ttt e e n e e s e e n e e e e nne e e neenneeene e 95
3.2.2.3  Sulphite post treatment at high temperature of 160 °C...........ccccceovevieiinernnnn 98
3.2.2.4  The inhibition of enzymes by SUIPhITE..........coooiiiiiiiii 100



3.2.2.5 Using an intermediate temperature (121 °C) to simultaneously improve the

hydrolysis and fermentation based of the steam pretreated lodgepole pine whole

SIUITY bbbttt bbb 104
3.2.2.6  Sulphite post treatment at 70 degrees for 121 NrS........ccccovvevvnieniieiesiesenen 109
I A O] o [1 ] o] 1 SRR 112

3.3 The potential of using sulphite treatment during steam pretreatment to boost sugar and

ethanol production for softwood DIOCONVEISION ...........ccuiiiiiiiiiie 113
33,1 BACKGIOUNG ...ttt bbb 113
3.3.2  ReSUIES aNd QISCUSSION .....eeviiiiiieiieieie ettt bbb 116

3.3.2.1  AlkKali sulphite steam pretreatment with sulphite...........c.ccooeieiiniiiiiinnn 116

3.3.2.2 Increasing the pH of alkali sulphite pretreatment via the addition of sodium

CAMIONALE. ...t bbbt 119
3.3.2.3  Sulphite steam pretreatment with Carbonate and SOz.........cccccccevcverivniieieenne. 124
3.3.2.4  Acid sulphite steam pretreatment with bisulphite and sulfuric acid ............... 127
3.3.2.5  CONCIUSIONS ...ttt bbb 134

3.4  The potential of a two-step (alkali and then acid) sulphite steam pretreatment to boost

sugar and ethanol production from sulphite steam pretreated softwood whole slurry ........... 136
341 BACKGIOUNG ...ttt bbbttt 136
3.4.2 ReSUltS and diSCUSSION ......c.eeiuiiriiiiieieiie st see et eree st ee e sre e eneenreeneeas 138

3.4.2.1 Applying a two-step (alkaline-acid) sulphite steam pretreatment consisting of
an initial sulphite steam pretreatment stage and subsequent SO> catalyzed steam

PIEITEATIMENT ...ttt ettt e st e e s b e e e ss b e e sab e e e nnbe e e snbeeennbeeens 138

Xi



3.4.2.2 Elucidating substrate characteristics to develop strategies to improve enzymatic
hydrolysis yields of two-stage sulphite pretreated softwood biomass..............c.ccccveenee. 149

3.4.2.3 Using sulfuring acid during the second steam pretreatment stage to reduce the

pretreatment to a pH 1eSS than 2.5.......c.ooiiiiii s 156
34.2.4  CONCIUSIONS ...ttt 169
Chapter 4: Conclusions and FULUFe WOTK ...........ccuoeiiiiiiiieeee e 171
A1 CONCIUSTONS.....cueiiiteiti ettt bbbttt ab bbb eneas 171
4.2 FULUIE WOTK ...ttt 175

4.2.1 Does sulphonation of substrates reduce the loading required for effective enzymatic
NYAFOIYSIS? ...t b ettt b bbb nre s 175

4.2.2 A fed-batch approach to further improve high solids hydrolysis and fermentation

using sulphite steam pretreated sSOftwo0d SUDSIIALES .........cceveevieeiiiieiiee e 177
] (] =] (001 SRR 178
N o] 61<] T L G PO U PR USUPRTRURPRPRPRON 193

xii



List of Tables

Table 1 Summary of substrates that were utilized in this chapter. ...........cccooviiiiiiiiie 66
Table 2 The major soluble components of Dissolving pulp (DsP) and steam pretreated Lodgepole
pine (SPLP) whole-slurry hydrolysates after 48 h enzymatic hydrolysis with Ctec-3 at an enzyme
loading of 45 mg protein per g cellulose and 100 mg protein per g cellulose. ..........cccccoevveinennens 75
Table 3 Ethanol productivity and yield after growth of S. cerevisiae strains 6391, 7442, 6369 and
T in synthetic sugar media, dissolving pulp hydrolysate and the hemicellulose rich water soluble
fraction of steam pretreated lodgepole pine whole slurry hydrolysate (SPLP). .........ccccccvvvnenne. 78
Table 4 Ethanol productivity of various yeast concentrations when; strain 6469 was grown in
synthetic sugar media and Dissolving pulp (DsP) hydrolysate and; strain T» in the liquid fraction
of steam pretreated Lodgepole pine whole-slurry hydrolysate (SPLP) with nutrient
10 0] 0] L= =T a1 ¢ LA o] oSSR 84
Table 5 Glucose and mannose concentrations and the acid groups content of sulphite post-treated
substrates (10% wi/v) after treatment with a 8% and 16% sulphite loading at 160 °C for 70 mins
L I= W o L 1= Uot o] USSP P PP PSPPI 100
Table 6 The effect of sulphite post-treatment (5% and 12% sulphite loading) on the soluble
fermentable sugar concentration and the acid groups content of 25% solid loading steam
pretreated lodgepole pine whole slurry. The sulphite post treatments were conducted at 121 °C
fOr 40 MINS IN AN AUEOCIAVE. .......eoueiieiei e bbb 105
Table 7 Soluble fermentation inhibitor profiles of two kinds of sulphite (12% and 5% sulphite
loading) post-treated of 25% solid loading steam pretreated lodgepole pine whole slurry. The

sulphite post treatment was conducted at 121 °C for 40 minutes in an autoclave. .................... 108
Xiii



Table 8 The influence of sulphite post-treatment on the soluble fermentable sugar concentration
of 25% solid loading steam pretreated lodgepole pine whole slurry. Acid group content of the
sulphite post treated substrates. Sulphite post treatment was carried out at 70 °C degrees for 12
NOUIS 1N @ WALET DALN. ..ot ee e e 110
Table 9 The hydrolysis performance of one step alkali sulphite (16% sulphite loading) steam
pretreated lodgepole pine whole slurry at a 25% solid loading. Enzyme loading was 50 mg Ctec-
K3 o 0| 107 oSSR PR RRR 117
Table 10 The acid groups content and final pH of the two-stage alkali sulphite steam pretreated

substrates with a chemical loading of 8% or 16% sulphite after various pretreatment conditions.

Table 11 The acid group content and final pH of two-stage alkali sulphite pretreated substrates
after an initial 16% sulphite loading and various carbonate loadings after different pretreatment
(070 1o 11 0] T SUOPPRSSRR 120
Table 12 The influence of changes in pH facilitated by carbonate addition on the composition,
final pH and acid group content of two-stage alkali sulphite steam pretreated substrates. ........ 121
Table 13 The influence of chemical loading, pretreatment temperature and pretreatment steps on
the effectiveness of substrates size reduction on the sulphite steam pretreatment with the
chemicals 0f Na2CO3 AN0 SO2. ....ccveiieiiiiiiee ettt eesreesreeaesreenreeneens 125
Table 14 Components of a series of alkali sulphite steam pretreated lodgepole pine substrates
including the pH and acid groups of these SUDSLIAtES. ..........ccerrreriiiiiiereeee s 126
Table 15 The hydrolysis performance of a series of single stage acid sulphite steam pretreated

lodgepole pine whole slurry at various chemical loading and pretreatment conditions. The

Xiv



hydrolysis was conducted at a 25% solid loading using a Ctec-3 enzyme loading of 40 mg
[O1£0 1 C=T T gV ] (3o o PSP 130
Table 16 Characterizing the acid sulphite steam pretreated substrates and the fermentation
inhibitor profiles of 25% solid loading acid sulphite steam pretreated lodgepole whole slurry. 131
Table 17 Components of a series of two steps of (alkali followed by acid) sulfite steam pretreated
lodgepole pine substrates and the pH and acid groups of these substrates. ............c.ccoecvvrrrnnnne. 140
Table 18 The monomers and oligomers present in the liquid fraction of two steps (alkali
followed by acid) sulfite steam pretreated lodgepole pine substrates 25% solid loading whole
] [0TSR PP PP PP PRURPRON 141
Table 19 Liquefaction time of 25% solid loading two stages sulphite steam pretreated substrates
with 12% Na>SO3 and 4% SO». The final pH and the fiber length of the substrates were also
shown. The 4% SO- steam pretreated substrate was selected as the control. ............ccccccevvennens 143
Table 20 Components of a series of two steps of (alkali followed by acid) sulfite steam pretreated
lodgepole pine substrates and the pH and acid groups of these substrates. ............ccccoeevervrnenee. 144
Table 21 Monomers and oligomers of a series liquid fraction of two steps (alkali followed by
acid) sulphite steam pretreated lodgepole pine substrates 25% solid loading whole slurry....... 145
Table 22 Inhibitor profiles of a series of two steps of (alkali followed by acid) sulfite steam
pretreated lodgepole pine 25% solid loading Whole SIUrTY.........cccovvieiieiieecee e 148
Table 23 Characterizing the two steps (alkali followed by acid) of sulphite steam pretreated .. 150
Table 24 Components of a series of two steps of (alkali followed by acid) sulphite steam
pretreated lodgepole pine substrates and the pH and acid groups of these substrates................ 159
Table 25 Monomers and oligomers of a series liquid fraction of two steps (alkali followed by

acid) sulphite steam pretreated lodgepole pine substrates 25% solid loading whole slurry....... 160

XV



Table 26 Characterizing the substrates that were generated from two steps of sulphite steam
pretreatment with the sulfuric acid in the sSecond Step. ..o 162
Table 27 Inhibitor profiles of a series 25% solid loading whole slurry of two steps of sulphite
steam pretreated lodgepole pine. The 4% SO> acid steam pretreated lodgepole and two steps

(alkali followed by acid) sulphite steam pretreated substrates were selected as controls. ......... 167

XVi



List of Figures

Figure 1 The chemical structure of cellulose. (Adapted from Nakagame 2010)..........c.ccccervrennnne 6
Figure 2 Chemical structures of the phenylpropanoid lignin precursors a) para-hydroxyphenyl (p-
coumaryl alcohol, H) b) guaiacyl (coniferylalcohol, G) c) syringyl (sinapyl alcohol, S) adapted
TEOM AGIEE (LO77). ettt et e bt et st et e e nbeeneesbeeneesreenteenneas 9
Figure 3 Effect of pH on Sulfur Dioxide Species. Adapted from a pulping and bleaching lecture
by University OF WashinGEON. .........coviiiiiiieie e 23
Figure 4 Ethanol fermentation pathway in Saccharomyces cerevisiae (adapted from Bai,
Anderson, & M00-YouNg, 2008@) ........cccueruriieiieiiiieseeiesiesieeee e ste e sae e sre et e e 34
Figure 5 Key stress factors that are anticipated to be encountered during high gravity
fermentation of softwood hydrolysates (adapted from Puligundla et al., 2011).......c..cccccvevurenenne. 37

Figure 6 Formation of inhibitors. Schematic indicating the main routes of inhibitors formation.

Figure 7 Glucose concentration of the enzymatic hydrolysis of dissolving pulp (DsP) with
various substrates loading (2%, 10%, and 20% w/w) at different Ctec-3 enzyme loadings (5-40
MQ Protein Per g CEIUIOSE). ..ot aeere s 69
Figure 8 Enzymatic hydrolysis of dissolving pulp (DsP) with various substrates loading (2%,

10%, and 20% w/w) at different Ctec-3 enzyme loadings (5-40 mg protein per g cellulose).... 70

Figure 9 Enzymatic hydrolysis of Dissolving pulp (DsP) and whole-slurry steam pretreated

Lodgepole pine (SPLP) with 25% (w/w) solid loading at different Ctec-3 enzyme loadings (15-

XVii



90 mg protein per g cellulose) for 48 h. (A) Percentage of cellulose to glucose conversion (%)
and (B) Glucose conCentration (G/L). ....ooveieeieiieiieie et 72
Figure 10 The effects of steam pretreated Lodgepole pine water soluble fraction (WSF) on the
enzymatic hydrolysis of its water insoluble fraction (WIF) and dissolving pulp (DsP) substrates
with 25% (w/w) solid loading at Ctec-3 loading of 50 mg protein per g cellulose for 72 h. ....... 73
Figure 11 Ethanol production profile after growth of S. cerevisiae strains 6391, 7442, 6369 and
T> on (A) synthetic sugar media, (B) Dissolving pulp (DsP) hydrolysate, and (C) the
hemicellulose rich water soluble fraction of steam pretreated lodgepole pine whole slurry
Y ATOIYSALE. ...ttt b e bbbt bbbttt bbbt b e 77
Figure 12 The influence of nutrient supplementation on the ethanol production profile of yeast
strain 6469 in (A) synthetic sugar media and (B) Dissolving pulp (DsP) hydrolysate, and strain
T2 (C) on the hemicellulose rich water soluble fraction of steam pretreated lodgepole pine whole
SIUITY NYOTOIYSALE. ...ttt bbb 80
Figure 13 The potential effects of various enzymatic hydrolysis related factors on the ethanol
production profile of strain 6469 in synthetic sugar media. (A) The influences of Ctec-3 enzyme
preparation, hydrolysis buffer (acetate buffer vs. citrate buffer), and by-product gluconic acid,
(B) the influence of various amount of Ctec-3 enzyme addition; and (C) the influence of the
protein/non-protein fractions of Ctec-3 and Celluclast enzyme preparations. ............cc.ccoevvennne 82
Figure 14 The influence of various yeast concentrations (cell optical density: OD) on the ethanol
production profile of strain 6469 in (A) synthetic sugar media and (B) Dissolving pulp (DsP)
hydrolysate, and strain T> (C) on the hemicellulose rich water soluble fraction of steam

pretreated lodgepole pine whole slurry hydrolySate. .........c.oceiiveiiiiiiieic e 83

Xviii



Figure 15 Ethanol production profile after growth of S. cerevisiae strains 6391, 7442, 6369 and
T2 in high concentration synthetic sugar media of 250 g glucose per liter..........cccccoeveiinennnn. 85
Figure 16 The influence of different yeast concentrations (cell optical density: OD) on the
ethanol production profile of strain T> grown on steam pretreated lodgepole pine whole slurry
hydrolysate with/without the removal of solid hydrolysis residues............cccoocevviiiiniineniesieenns 87
Figure 17 Diagram of post treatment approach followed in whole bioconversion process......... 93
Figure 18 The effect of sulphite detoxification on the ethanol production profile of strain T»
grown on the water soluble fraction of steam pretreated lodgepole pine whole slurry hydrolysate.
The yeast concentrations (cell optical density: OD) were 6.5 and 13 respectively. ........c............ 95
Figure 19 The effect of sulphite post-treatment (1%, 3% and 6% sulphite loading) on the
enzymatic hydrolysis of 25% solid loading steam pretreated lodgepole pine whole slurry at a
Ctec-3 loading of 40 mg protein per g cellulose for 48 h. (A) Percentage of cellulose to glucose
conversion (%) and (B) Glucose concentration (g/L). The sulphite post treatments were
conducted at room temperature for 5 mins. 4% SO> steam pretreated substrates was selected as
(070 1o RS R 97
Figure 20 The effect of sulphite post-treatment (1%, 3% and 6% sulphite loading) on the ethanol
production profile of strain T2 grown on the water soluble fraction of steam pretreated lodgepole
pine whole slurry hydrolysate. The yeast concentrations (cell optical density: OD) were 6.5. The
sulphite post treatments were conducted at room temperature for 5 mins. ........c.ccoecvveevverrenenne. 98
Figure 21 The effect of sulphite post-treatment (8% and 16% sulphite loading) on the enzymatic
hydrolysis of 10% solid loading (A) unwashed and (B) washed steam pretreated lodgepole pine
whole slurry at Ctec-3 dosage of 15 mg protein per g cellulose for 48 h. The sulphite post

treatments were conducted at 160 °C for 70 Mins iN Parr rEACION. .........veeeeeeeeeeeeeeeeeeeeieeeeeeienens 99

XiX



Figure 22 The influence of mineral salts (NaCl, NaSOs and Na>SOs) on the enzymatic
hydrolysis of 12% solid loading dissolving pulp (DsP) at Ctec-3 dosage of 30 mg protein per g
cellulose for 48 h. The mineral salts loading was 0.13 MOI/L. .........ccccccvviiiiiiiieniniieeseseens 102
Figure 23 The effect of hydrogen peroxide treatment (0.18 and 0.35 mol/L) on the enzymatic
hydrolysis of 25% solid loading sulphite post-treated steam pretreated lodgepole pine whole
slurry at a Ctec-3 loading of 40 mg protein per g cellulose for 48 h. The sulphite post treatments
were conducted at 121 °C for 40 mins in an autoCIaVe. ..........cccccovviiiiiiiiincee e 102
Figure 24 The effect of hydrogen peroxide treatment (0.18 and 0.35 mol/L) on the ethanol
production profile of strain T> grown on 25% solid loading sulphite post-treated steam pretreated
lodgepole pine whole slurry hydrolysate. The sulphite post treatments were conducted at 121 °C
for 40 mins in an autoclave. The yeast concentrations (cell optical density: OD) were 6.5....... 104
Figure 25 The FE-SEM imagines of the 4% SO, acid steam pretreated substrates, 12% sulphite
post treated substrates. The 12 % sulphite post treatment was conducted at 121 °C for 40 minutes
1 TR= T = LU 0 Tod P 1Y 105
Figure 26 The influence of sulphite post-treatment (5% and 12% sulphite loading) and water
washing on the glucose concentration after enzymatic hydrolysis of 25% solid loading steam
pretreated lodgepole pine whole slurry (SPLP) at a Ctec-3 loading of 40 mg protein per g
cellulose for 48 h. The sulphite post treatments were conducted at 121 degrees for 40 mins in an
10 (0T £ 1Y OSSPSR 107
Figure 27 The effect of sulphite post-treatment (5% and 12% sulphite loading) on the ethanol
production profile of strain T> grown on the steam pretreated lodgepole pine whole slurry
hydrolysate (SPLP). The sulphite post treatments were conducted at 121 °C for 40 mins in an

autoclave. The enzymatic hydrolysis was performed with 25% solid loading at a Ctec-3 loading

XX



of 40 mg protein per g cellulose for 48 h. The yeast concentration (cell optical density: OD) was
LGRSO UPR PR 108
Figure 28 The effect of sulphite post-treatment (8% and 16% sulphite loading) with/without 2%
carbonate on the enzymatic hydrolysis of 25% solid loading steam pretreated lodgepole pine
whole slurry at a Ctec-3 loading of 40 mg protein per g cellulose for 48 h. (A) Percentage of
cellulose to glucose conversion (%) and (B) Glucose concentration (g/L). The sulphite post
treatments were conducted at 70 °C for 12 h in a water bath. ...........ccocoooviiniiiiiin s 111
Figure 29 The effect of sulphite post-treatment on the ethanol production profile of strain T»
grown on the 25% solid loading steam pretreated lodgepole pine whole slurry hydrolysate. The
sulphite post treatments were conducted at (A) 70 °C for 12 h with 8% sulphite and 2%
carbonate in the water bath and (B) 121 °C for 40 mins in an autoclave with 12% sulphite in an
autoclave, respectively. The yeast concentration (cell optical density: OD) was 6.5................. 112
Figure 30 Flow chart of sulphite steam pretreatment in the overall bioconversion process....... 116
Figure 31 The influence of mechanical refining on the enzymatic hydrolysis of washed alkali
sulphite steam pretreated lodgepole pine substrate with 5% solid loading at Ctec-3 dosage of 35
mg protein per g cellulose for 48 h. The alkali sulphite steam pretreatment were conducted at 160
°C for 20 mins followed by increasing temperature to 210 °C for another 120 mins. The
mechanical refining was performed a lab scale refiner. ... 123
Figure 32 The enzymatic hydrolysis of washed alkali sulphite steam pretreated lodgepole pine
with 5% solid loading at a Ctec-3 loading of 35 mg protein per g cellulose for 48 h. ............... 127
Figure 33 The enzymatic hydrolysis of washed, two stages acid sulphite steam pretreated

lodgepole pine with 5% solid loading at Ctec-3 loading of 35 mg protein per g cellulose for 48 h.

XXi



The two stages of acid sulphite steam pretreatment were conducted with 10% NaHSO3z and 2%
H2SO4 @t VarioUS CONAITIONS. ........oiviitiiiiitiiieieet ettt 129
Figure 34 Comparing the gross appearance of the one stage and the two stages acid sulphite
steam pretreated lodgepole pine substrates. The one stage acid sulphite steam pretreatment was
conducted with 8% NaHSO3 and 2% H2SO, at 210 °C for 10 minutes, while the two stages acid
sulphite was conducted with 8% NaHSOs and 2% H>SO4 at 160 °C for 20 mins followed by
increasing temperature to 210 °C for another 10 MiNS. .........cccco e 131
Figure 35 FE-SEM images of the one stage acid sulphite steam pretreated and the traditional SO>
catalyzed steam pretreated lodgepole pine substrates. The one stage sulphite steam pretreatment
was conducted using 8% NaHSOz and 2% H2SO4 at 210 °C for 10 minutes..........ccocevevvrenene 133
Figure 36 Comparing the ethanol production profile of strain T, in the one stage acid sulphite
and the traditional SO> catalyzed steam pretreated lodgepole pine whole slurry hydrolysate. The
one stage sulphite steam pretreatment was conducted using 8% NaHSOz and 2% H>SO4 at 210
°C for 10 minutes. The enzymatic hydrolysis was performed with 25% solid loading at Ctec-3
loading of 40 mg protein per g cellulose for 48 h. The yeast concentrations (cell optical density:
OD) WETE B.5. ...ttt bbb bbbt bbb et bbbt 134
Figure 37 Flow chart of the two stages sulfite steam pretreatment. The first stage is conducted at
the alkali condition with Na>SOs pre-impregnation for the purpose of lignin sulfonation, while
the second stage is executed at acidic condition (pH=3.0) with SO addition for the purposes of
size reduction and further lignin SUIFONALION. .........cccoiiiiiiii e 137
Figure 38 The enzymatic hydrolysis of 25% solid loading washed and unwashed two stages
sulfite steam pretreated lodgepole pine whole slurry at Ctec-3 dosage of 40 mg protein per g

cellulose for 48 h. The two stages sulfite steam pretreatment was firstly conducted at the alkali

XXii



condition with sulfite pre-impregnation (6-12% Na>SOs loading) at 140 °C for 20 mins, followed
by a second stage acidic condition treatment with the addition of various amount of SO, at 200
RO (0 0o 111 [ T USSP PP PRPR 139
Figure 39 Hydrolysis efficiency of a series of two steps (alkali followed by acid) sulphite steam
pretreated whole slurry and washed substrates at 25% solid loading. The enzyme loading in
hydrolysis was 40 mg Ctec-3 enzymes/g GIUCAN. .........ccoveiiiiiieiiiecseee s 146
Figure 40 The enzymatic hydrolysis of washed two stages sulfite steam pretreated lodgepole pine
with 5% solid loading at Ctec3 dosage of 15 mg protein per g cellulose for 48 h. The two stages
sulfite steam pretreatment was first conducted under alkali condition with sulfite pre-
impregnation (6-12% Na>SOz loading) at 140 °C for 20 mins, followed by a second stage acidic
condition treatment with the addition of various amount of SO at 200 °C for 5 mins.............. 147
Figure 41 The fermentation performance of 25% solid loadings whole slurry hydrolysates that
were treated by two steps sulphite steam pretreated substrates with Na SOz in the first step and
SO; in the second step. Initial cell density in fermentation was OD 6.5. Control is 4% SO: acid
steam pretreated 25% solid loading Whole SIUITY. ... 149
Figure 42 The FE-SEM imagines of the traditional SO catalyzed and the two stage sulfite steam
pretreated lodgepole pine substrates. The two stage sulfite steam pretreatment was firstly
conducted at the alkali condition with sulfite pre-impregnation (12% Na>SOs loading, 6%
Na>COs3 with 6% SO loading, 8% Na>SO3z loading, 8% NaHSOs loading) at 140 °C for 20 mins,
followed by a second stage acidic condition treatment with the addition of 4% SO, or 3% H2SO4
0r 2% H2SO4 at 200 °C FOI 5 MINS......iiiiiieiiieieie e 151
Figure 43 The effect of horizontal mixing on the enzymatic hydrolysis of 25% solid loading

washed and unwashed two stages sulfite steam pretreated lodgepole pine whole slurry at Ctec-3

xXiii



dosage of 40 mg protein per g cellulose for 48 h. The two stages of sulfite steam pretreatment
was firstly conducted at the alkali condition with sulfite pre-impregnation (12% Na>SOs
loading), followed by a second stage acidic condition treatment with the addition of 4% SO». 153
Figure 44 The effect of mannanase supplementation (10 mg/g cellulose) on the enzymatic
hydrolysis of washed two stage sulfite steam pretreated lodgepole pine with 5% solid loading at
Ctec-3 loading of 15 mg protein per g cellulose for 48 h. The two stages sulfite steam
pretreatment was firstly conducted at the alkali condition with sulfite pre-impregnation (8% and
12% Na>SO3z loading) at 140 °C for 20 mins, followed by a second stage acidic condition
treatment with the addition of 5.5% or 4% SO> at 200 °C for 5 mins. ........cccceoeveveicienininnnns 154
Figure 45 The effect of mannanase, endoglucanase and xylanase (Htec-3) supplementation (10
mg/g or 30 mg/g cellulose) on the enzymatic hydrolysis of washed two stages sulfite steam
pretreated lodgepole pine with 5% solid loading at Ctec-3 dosage of 15 mg protein per g
cellulose for 48 h. The two stages sulfite steam pretreatment was first conducted at the alkali
condition with sulfite pre-impregnation (12% Na»>SOs loading), followed by a second stage
acidic condition treatment with the addition 0f 4% SO2........ccceeiriiiiiiiiiee 156
Figure 46 Flow chart of the two stages sulfite steam pretreatment. The first stage is conducted at
the alkali condition with Na>SO3 pre-impregnation for the purpose of lignin sulfonation, while
the second stage is executed at acidic condition (pH=1.6) with H.SO4 addition for the purposes
of size reduction and further lignin SUIFONALION. ............cooiiiiiiiii 157
Figure 47 The FE-SEM imagines of the traditional SO, catalyzed and the two stages sulfite
steam pretreated lodgepole pine substrates. The two stages sulfite steam pretreatment was firstly
conducted at the alkali condition with sulfite pre-impregnation (12% Na>SOs loading, 6%

Na.CO> with 6% SO- loading, 8% Na>SOs loading, 8% NaHSO3 loading) at 140 °C for 20 mins,

XXiV



followed by a second stage acidic condition treatment with the addition of 4% SO> or 3% H2SO4
0r 2% H2SO4 at 200 °C OI 5 MINS......iiiiiiiieieeee e 163
Figure 48 The enzymatic hydrolysis of 25% solid loading two stages sulfite steam pretreated
lodgepole pine whole slurry at Ctec-3 loading of 40 mg protein per g cellulose for 48 h. Two
kinds of two stages sulfite steam pretreatment were assessed. 1)The substrates was first
conducted at the alkali condition with sulfite pre-impregnation (8% Na>SOs loading) at 140 °C
for 20 mins followed by a second stage acidic condition treatment with the addition of 3% H2SO4
at 200 °C for 5 mins. 2) The substrates was first conducted at the alkali condition with bisulfite
pre-impregnation (8% NaHSO3z loading) at 140 °C for 20 mins, followed by a second stage
acidic condition treatment with the addition of 2% H2SO4 at 200 °C for 5 mins. The 4% SO acid
steam pretreated substrate was selected as a CONMIOL. ........ccovvveiiiieiiene e 165
Figure 49 The enzymatic hydrolysis of 5% solid loading two stages sulfite steam pretreated
lodgepole pine whole slurry at Ctec-3 loading of 15 mg protein per g cellulose for 48 h. Two
kinds of two stages sulfite steam pretreatment were assessed. 1)The substrates was first
conducted at the alkali condition with sulfite pre-impregnation (8% Na>SOs loading) at 140 °C
for 20 mins followed by a second stage acidic condition treatment with the addition of 3% H2SO4
at 200 °C for 5 mins. 2) The substrates was first conducted at the alkali condition with bisulfite
pre-impregnation (8% NaHSO3z loading) at 140 °C for 20 mins, followed by a second stage
acidic condition treatment with the addition of 2% H2SO4 at 200 °C for 5 mins. The 4% SO acid
steam pretreated substrate was selected as a CONLIol. .........ccoovveviiieiieii e 166
Figure 50 Comparing the ethanol production profile of strain T> in the 25% solid loading two
stages sulfite steam pretreated lodgepole pine whole slurry hydrolysate with different treatment

conditions. The two stage sulfite steam pretreatment was first conducted under alkali conditions

XXV



with either sulfite (8% and 10% Na;SOz loading) or bisulfite (8% NaHSOs loading) pre-
impregnation at 140 °C for 20 mins, followed by a second stage acidic condition treatment with
the addition of 6% SO> or 2-3% of H.SO4 at 200 °C for 5 mins. The enzymatic hydrolysis was
performed at a Ctec-3 loading of 40 mg protein per g cellulose for 48 h. The yeast concentrations
(cell optical density: OD) WEIE B.5. .......ocuiiieiieieiiee e st 168
Figure 51 Cellulases adsorption to Protease treated lignin (PTL) isolated from different
pretreatment severities. M, IEF markers; lane 1, control (without the PTL); lane 2, PTL 190 °C;
lane 3, PTL 200 °C; lane 4, PTL 210 °C. Cellulases (0.34 mg/ml) and B-glucosidase (0.09 mg/ml)
were incubated with 5 mg of PTLs in 500 pl of Na-acetate buffer (pH 4.8, 50 mM) at 50 °C for 3
h. Supernatants after centrifugation were collected, freeze-dried, and analyzed by IEF (pH 5-8).
This Figure was adopted from (Nakagame, 2010).........ccorveiiiiiiieiiiinieseeesee e 176
Figure 52 The Fourier transform infrared spectroscopy (FTIR) spectrums of (A) two stages
sulfite steam pretreated lodgepole pine, (B) original lodgepole pine (without treatment) and (C)
traditional SO, catalyzed steam pretreated lodgepole pine. The two stages sulfite steam
pretreatment was firstly conducted at the alkali condition with sulfite pre-impregnation (10%
Na.SOz loading) at 140 °C for 20 mins, followed by a second stage acidic condition treatment
with the addition of 6% SOz at 200 °C fOr 5 MINS........ceiiiiieiieii e 194
Figure 53 The Fourier transform infrared spectroscopy (FTIR) spectrums of (A) two stages
sulfite (8% Na»SO3z followed by 3% H»>SOa), (B) two stages bisulfite (8% NaHSO3z followed by

2% H»>S0.) and (C) traditional SO catalyzed steam pretreated lodgepole pine. ............ccceuee. 195

XXVi



List of Abbreviations

AISL acid insoluble lignin

Ara arabinose

ASL acid soluble lignin

BG B-glucosidase

CBH cellobiohydrolase

CBM carbohydrate-binding module

CD catalytic domain

Crl crystallinity

DP degree of polymerization

DsP dissolving-grade pulp

DW dry weight

EG endoglucanase

FE-SEM field emission scanning electron microscopy
FPU filter paper unit

FQA fibre quality analyzer

FTIR fourier-transform infrared spectroscopy
Gal galactose

XXVii



Glu
HMF
HPLC
LCC
Man
Mono
NBSK
NMR
oD
Olig
PI

SP
SPLP
WIF
WRV
WS
WSF
wiw

w/v

glucose

hydroxymethylfurfural

high performance liquid chromatography

lignin-carbohydrate complex
mannose

monomer

northern bleached softwood kraft

nuclear magnetic resonance
optical density

oligomer

isoelectric point

steam pretreatment

steam pretreated lodgepole pine
water insoluble fraction
water retention value
whole slurry

water soluble fraction
weight/weight

weight/volume

XXViii



XRD X-ray diffraction

Xyl xylose

XXIX



Acknowledgements

I would like to express my sincere appreciation to my senior supervisor Dr. Jack Saddler
for his mentorship, encouragement, support and guidance throughout my PhD studies. | would
also like to thank my committee members Dr. Richard Chandra and Dr. Scott Renneckar for their
invaluable advice, guidance and support and contributions to the direction of this research.

Special thanks also go to Dr. Richard Chandra for selflessly helping me on this ride and
for providing me with the tools for being the best scientist as | can be. I also wish to extend my
thanks to all of the members in Forest Products Biotechnology/Bioenergy group for their
friendship, support and encouragement. | would also like to thank the Chinese Scholarship

Council (CSC) for providing me the funding for this 4 years study.

Last but not least, | would like to give my greatest thanks and love to my father Shigin Zhong
and mother Airong Li for their great support and unconditional love in my life. The important values
they passed down to me particularly the honest and perseverance will guide me through my whole
life. My heartfelt gratitude also go to my husband Jinguang Hu for his selfless love and support,
without whose encouragement, this journey of PhD study would have been much more difficult and

less enjoyable.

XXX



Dedication

This thesis is dedicated to my forever beloved father Shigin Zhong.

XXX



Chapter 1: Introduction

The main drivers for the production of renewable transportation fuel such as bioethanol
include safeguarding the environment/reducing greenhouse gas emissions and ensuring energy
security (Walker, 2011). The carbohydrate feedstocks that can be used to make bioethanol can
come from sugary, starchy or cellulosic biomass sources. Conventional bioethanol production
from sugar/starch feedstocks are now mature industries where a high gravity fermentation
approach is routinely used to result in ethanol concentrations of 10-15% (v/v), yields of >90%,
within a relatively short period of time (6-10 hours) (Walker, 2011). However, biomass-derived
ethanol is still largely at the research, development and demonstration stage of deployment,
mostly because of the high recalcitrance of the lignocellulosic substrates towards the

bioconversion process and the poor fermentability of the biomass derived sugars.

So far, several demonstration/commercial scale plants, such as Poet/DSM, Inbicon,
Dupont, logen, Butalco, and Chemtex have been running in various locations throughout the
world (Janssen, Turhollow, Rutz, & Mergner, 2013). However, most of these plants have
employed agriculture residues as a feedstock due to their lower recalcitrant compared to woody
substrates (hardwood and softwood). Most of the pretreatment approaches used by these
companies have involve some form of steam pretreatment to maximize hemicellulose recovery
while opening up the structure of substrate for the following enzymatic deconstruction process
(Chandra et al., 2007). Steam pretreatment has been frequently utilized for these initial
commercialization efforts most likely due to its simplicity and its ability to liberate hemicellulose

sugars into the water soluble stream. The hemicellulose sugars can also be further combined with



the water insoluble cellulose enriched fraction and treated as a “whole slurry” to minimize the
processing steps and maximize final sugar concentrations. Despite these advantages, there are
still several challenges that need to be overcome if we are to achieve economically feasible
softwood derived biofuel production. Much of the biomass lignin is typically condensed during
normal acid catalyzed steam pretreatment. Thus, this condensed lignin is commonly combusted
to provide energy which does not maximize its potential value in the attractive biorefinery
concept (Lin, 2016). Another challenge for hardwood and agricultural feedstocks is that the
hemicellulose component contains mostly Cs sugars (xylose and arabinose) which cannot be
directly used by prevalent ethanol producing yeasts such as Saccharomyces cerevisiae (Parreiras

et al., 2014; Tomas-Pejo, Oliva, Ballesteros, & Olsson, 2008).

Softwoods are the most abundant lignocellulosic feedstock in British Columbia and
Lodgepole pine is the predominant softwood species in the interior BC (L. Kumar, Chandra, &
Saddler, 2011). Compared with agriculture residues and hardwoods, softwoods have the
advantage of containing primarily Ce fermentable sugars (glucose, galactose and mannose) as
part of their hemicellulose component, which can be readily utilized by Saccharomyces
cerevisiae along with the glucose that results from enzymatic hydrolysis of the cellulose
component. Over the last 15 years, much of BC’s lodgepole pine forest has been devastated by
the mountain pine beetle infestation. As a result, the timber derived from the infected can loses
its suitability for traditional lumber applications and has even been shown to have varying and
unpredictable behavior when utilized as a feedstock for making pulp and paper (Kapu, Piddocke,
& Saddler, 2013; S. L. Kumar, 2014). Therefore, an alternative process to utilize this softwood

biomass could be as a biorefinery feedstock to produce bioenergy, biofuels and biochemicals.



However, when compared to agricultural and hardwood biomass, due to their higher
lignin content and more interconnected lignin structure, softwoods tend to be more challenging
substrates for bioconversion. When pretreating when utilizing compromised acid catalyzed steam
conditions to treat softwoods, although the hemicellulose could be broken down and solubilized
into the water soluble stream, at the same time the water insoluble fraction becomes enriched in
lignin to levels approaching 50%. This significantly limits the efficacy of the enzymatic
hydrolysis process. In addition, the use of an acid catalyst and relatively severe steam
pretreatment conditions to treat softwoods results in the production of fermentation inhibitors
(e.g. furans, aliphatic acid and phenolic compounds) derived from sugar and lignin degradation
(Jonsson, Alriksson, & Nilvebrant, 2013; Cavka, Alriksson, Ahnlund, & Jonsson, 2011; Eva
Palmaqvist, 2000). This severely limits the ability of yeast to ferment the liberated sugars. As well
as end-product inhibition, it is difficult to produce high sugar concentrations for fermentation
from steam pretreated softwoods. This is primarily the result of the high lignin content of the
substrate physically restricting the accessibility of the cellulose to cellulase enzymes. As a result,
high enzyme loadings are required to get anywhere close to acceptable enzymatic hydrolysis
yields (Mooney, Mansfield, Touhy, & Saddler, 1998; Xuejun Pan, 2005; Zhou, Lou, Yang, Zhu,
& Qiu, 2013). To try to overcome these challenges, various types of post treatment such as
alkaline peroxide, oxygen and sulphite treatments, have been explored with a goal of either
modifying the lignin or partially removing the lignin as a means of enhancing the
accessibility/hydrolyzability of pretreated substrates (Xuejun Pan, 2005). Among all these post
treatments, sulphite post treatment has the advantage of being highly specific for lignin
removal/modification while possibly enhancing the recovery of lignosulfonates as a value added

co-product. Coincidently, sulphite has also been reported by several other groups to effectively
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detoxify fermentation inhibitors at milder temperature, primarily because it has a good reducing

capacity (L. Kumar et al., 2011).

Even though sulphite has been used to both detoxify fermentation inhibitors and modify
lignin as a method of enhancing enzymatic hydrolysis, previously these two kinds of sulphite
treatment have only been studied separately and conducted at different conditions in order to
maximize the individual effects according to their proposed reaction mechanisms (sulphonation
VS. reduction). Therefore, in the work reported here, considering the issues faced when
processing steam pretreated softwood whole slurry, a one-step sulphite treatment was developed
to simultaneously modify lignin and detoxify fermentation inhibitors, with the goal of achieving

high ethanol yields and titers using a reasonable/low enzyme loading.

1.1  Lignocellulosic biomass

1.1.1  Lignocellulosic biomass components

All lignocellulosic biomasses are potentially valuable sources of carbohydrates. In nature,
the dominant simple sugars which serve as building blocks for the production of complex
carbohydrates include the hexose sugars (Ce) D-glucose, D-mannose, and D-galactose, as well as
the pentose sugars (Cs) D-xylose and D-arabinose (Walker, 2011). Among them, glucose and
mannose are the fermentable sugars which can be readily utilized by the traditional ethanol
producing yeast Saccharomyces cerevisiae.

In the plant cell wall, these monomeric sugars are polymerized into complex

carbohydrates, namely cellulose and hemicellulose. Cellulose has a highly organized crystalline
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structure constituted by linear glucan chains, while hemicelluloses has less organized structure
formed by typically branched polysaccharides (Carpita & McCann, 2000). Besides cellulose and
hemicellulose, another major component of lignocellulosic biomass is lignin, which is a highly
branched, three-dimensional polymer derived from three phenylpropane units (monolignols),
namely guaiacyl (G, conniferyl alcohol), syringyl (S, sinapyl alcohol) and p-hydroxyphenyl (H,

p-coumaryl alcohol).

1.1.2 Cellulose

In wood, around 45%-50% of the dry biomass is cellulose, which is a homo-
polysaccharide, composed of B-D glucopyranose units. All of the B-D glucoses are linked by the
B (1-4) glucosidic bonds into a linear structure with the basic repetitive unit of cellobiose (glucan
chain), which has a strong tendency to form inter- and intra-molecular hydrogen bonds to keep
the chains straight and stacked in a sheet-like structure (Figure 1). Although the chain length
(which is also described as the degree of polymerization) of the native cellulose is not very clear,
it is widely agreed that wood cellulose is approximately made of 10,000 glucose unites (
Sjostrom, 1993). Although no hydrogen bonds are found between the sheets, van der Waals
forces appear to hold the sheets together (Payne et al., 2015). Cellulose forms a highly organized,
crystalline structure under these strong hydrogen bonds and van der Waals forces, interspersed
by some disorganized amorphous or paracrystalline regions (Carpita & McCann, 2000). It is
widely acknowledged that the tightly packed nature of the cellulose structure is one of the major

reasons for its low hydrolyzability by enzymes.
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Figure 1 The chemical structure of cellulose. (Adapted from Nakagame 2010)

Although cellulose chains can pack into different forms including cellulose I, II, 111, 1V,
the most abundant cellulose allomorphic form in nature is defined as cellulose | (Payne et al.,
2015). Cellulose | has two allomorphic form where the monoclinic cellulose Ip is dominant in
higher plant such as in the softwood cell wall. Triclinic cellulose Io, which is dominant in
bacterial and algal cellulose, has a different hydrogen bond pattern as well as an interlayer chain
stacking arrangement as compared to cellulose Ip (Payne et al., 2015). In general, the cellulose I
form is more thermostable than the Ia form (Lynd, Weimer, Zyl, & lIsak, 2002). During
thermochemical treatment processed, cellulose | can transform into other allomorphic forms such
as cellulose I, 111, and 1V, when NaOH, ammonia, and glycerol are added respectively (Ishikawa
et al., 1997). All these different cellulose allomorphs have been shown to greatly influence the

efficacy of the enzymatic hydrolysis process (Lynd et al., 2002).

1.1.3 Hemicellulose

Unlike cellulose which is a homopolysaccharide made of pure glucose, hemicelluloses
are complex heteropolysaccharides comprised of glucose, xylose, mannose, galactose and
arabinose (Sjostrom, 1993). Hemicellulose accounts for approximately 25%-30% of the dry

biomass in most woody materials although its structure and composition varies widely among
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different biomass species (Sjostrom, 1993). Most hemicellulose are extensively branched, so
consequently relatively easy to be accessed/hydrolyzed (compared with cellulose) by acids or
hemicellulase enzymes (Saha, 2003). The degree of polymerization of most hemicellulose is
about 200 which is much smaller compared to the DP of cellulose (Sjostrom, 1993).

Unlike the xylan enriched hemicellulose components in hardwood biomass and annual
plants, the major hemicelluloses in softwood is galactoglucomannans (accounting for ~20% of
the dry biomass) (Carpita & McCann, 2000). The backbone of galactoglucomannan is built up of
(1-4) linked B-D-glucopyranose and [-D-mannopyranose units (mannose/glucose ratio 3:1),
which are often branched with galactose at Ce position and acetylated at C-2 and C-3 positions
(on the average one group per 3-4 hexose units) (Carpita & McCann, 2000). As well as the
galactoglucomannan, a small portion of arabinoglucuronoxylan (~5% of the biomass) also exists
in the softwood hemicellulose. This polymer has a framework containing (1-4)-linked B-D
xylopyranose units which also be partially substituted at C-2 with 4-O-methyl-a-D-glucuronic
acid groups by, on the average, two residues per ten xylose units (Scheller & Ulvskov, 2010).
Thus, compared to hardwood and agricultural residues, the high hexose (mannose, galactose and
glucose) content of softwood hemicellulose makes it an attractive candidate for bioethanol
production, since these Ce sugars could be easily fermented to ethanol by industrially relevant

yeast strains.

1.1.4 Lignin
Lignin is a Latin derived term from the original word “lignum” which means “wood”

(Sjostrom, 1993). Lignin is a highly branched, three-dimensional polymer that can be composed
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of three phenolpropane units (monolignols), namely guaiacyl (G, conniferyl alcohol), syringyl
(S, sinapyl alcohol) and p-hydroxyphenyl (H, p-coumaryl alcohol) (Figure 2). Lignin is
synthesised by free-radical coupling of phenoxyl radicals which are formulated through enzyme
induced dehydrogenation of the monolignol units (Humphreys & Chapple, 2002). Although the
phenoxyl radicals can be linked through various carbon-carbon and carbon-oxygen bonds, the 3-
O-4 linked aryl ether linkages is dominant in lignin, accounting for more than 50% of the total
monolignol joint linkages (Adler, 1977; Huang et al., 2016). The physicochemical properties of
lignin are known to be highly dependent on the sources of lignocellulosic biomass. Softwood
lignins are primarily composed of G units while the hardwood lignins (18-25%) are dominant in
G and S units. Grass lignin’s contain all three G, S, and H monolignol units (Kelley et al., 2004;
Popper, 2008). Compared to sinapyl (S) units, the guaiacyl (G) units (only the third position of
the aromatic ring is methoxylated) are able to form linkages at the position 5 with other
monolignols (Cai, Bhuiya, Shanklin, & Liu, 2015). The formation of 5-5" carbon-carbon bonds
between two guaiacyl units make lignin more problematic for the biomass bioconversion

process(Zhou, Zhu, et al., 2013; Modenbach & Nokes, 2012).
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Figure 2 Chemical structures of the phenylpropanoid lignin precursors a) para-hydroxyphenyl
(p-coumaryl alcohol, H) b) guaiacyl (coniferylalcohol, G) c) syringyl (sinapyl alcohol, S)
adapted from Adler (1977).

The main role of lignin is to provide mechanical strength and structural support in the
plant cell wall. The structural support of lignin is mainly achieved by covalent bonding to the
side chains of branched hemicelluloses to formulate the lignin carbohydrate complexes
(Sjostrom, 1993). The amount and distribution of lignin is highly dependent on the types of
biomass. Generally lignin plays a negative role in the bioconversion process by physically
blocking enzyme assess to cellulose, by restricting fiber swelling and by unproductively binding
cellulase enzymes through hydrophobic interactions (Zhang, Lei, & Li, 2013; Z. Wang, Lan, &
Zhu, 2013). Many pretreatment and/or post-treatment strategies such as SPORL, organosolv
pretreatment, wet oxidation and sulphonation have been developed to try to overcome the

recalcitrant nature of biomass lignin (Sannigrahi, Miller, & Ragauskas, 2010; Zhu, Pan, Wang, &



Gleisner, 2009; Chu, Chandra, Kim, & Saddler, 2017). These methods can remove and/or
modify the lignin structure thereby improving enzyme performance during cellulose hydrolysis

(L. Kumar et al., 2011; Leu, Zhu, Gleisner, Sessions, & Marrs, 2013).

For softwood biomass, the higher lignin content and the high proportion of guaiacyl
subunits (G) have been shown to increase its recalcitrance towards bioconversion as compared to
hardwoods and agricultural residues (L. Kumar, Chandra, & Saddler, 2012). Of all the biomass
pretreatment methods (which will be discussed in detail below), steam pretreatment has been
shown to be one of the most promising methods for softwoods (R P Chandra et al., 2007).
However, under typical acid catalyzed steam pretreatment conditions, the softwood lignin is also
more prone to condensation reactions, which are not only more problematic to the bioconversion
process but also limit its reactivity for the downstream value added applications (Ewanick, Bura,
& Saddler, 2007; Li, Henriksson, & Gellerstedt, 2007; Sannigrahi, Ragauskas, & Miller, 2010).
For example, the increased lignin hydrophobicity that results from the condensation of softwood
lignin significantly increases the non-productive binding between cellulases and lignin, therefore
decreasing hydrolysis yields under acid catalyzed steam pretreatment conditions (Pan, Zhang,

Gregg, & Saddler, 2004).

1.2 Softwood biomass for bioethanol production

1.2.1 Softwood cell types
Softwood cell wall are mainly composed of two types of cells namely the tracheids (90%-

95%) and the ray cells (5%-10%) (Sjostrom, 1993). These two cells are specialized for different
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functions where the longitudinal tracheids (1.5-5.0 mm in length and 20-70 um in diameter)
mainly play the role of mechanical support and conduction while the ray cells (contains ray
parenchyma and ray tracheids) primarily assist with nutrient transport and storage (Booker &
Sell, 1998). Aside from these two cells, softwoods also contain resin canals in both the
longitudinal and transverse direction, which serve a protective role in the tree (Booker & Sell,

1998).

1.2.2  Softwoods for bioconversion

As mentioned earlier, softwoods are the most abundant lignocellulosic feedstock in
British Columbia and Lodgepole pine is the predominant softwood species in the interior of BC
(Nakagame, 2010). As of 2010, the world’s conifers constitute around 40% of the total forest
stock and they are particularly abundant in the countries where the taiga/boreal forests
predominate such as the Nordic countries, Canada and Russia. (Hakan Ekstrom, 2012).
Softwoods are already a significant commercial commodity being the source of about 80% of the
world’s timber. Traditional centers of production are the Baltic region and North America.
However, over the last 15 years, a significant component of this Lodgepole pine forest has been
devastated by the mountain pine beetle infestation (Forests, 2012). In British Columbia, the
ongoing outbreak of the mountain pine beetle has created an abundance of beetle-killed
Lodgepole pine at advanced stages of infection. This forest derived material has limited value for
traditional structural applications. As a result, there is lower overall lumber recovery from these
infected trees, due to splitting and cracking. Chips have been shown to have varying and
unpredictable behavior when utilized as a feedstock for pulp and paper manufacture (Les

Safranyik, 2006). In addition, since softwoods are an already established commercial entity,
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utilization of industrial residues for energy applications such as palletization has been shown to
result in immediate financial gains. Therefore, there is a much greater amount of softwood
residues available and some of this material is used in BC’s growing pellet sector. However, an
alternative process to utilize these softwood residues could be for the production of bioenergy,

biofuels and bio-chemicals (Luo et al., 2010).

Softwoods have been shown to be one possible feedstock for an enzyme-based biomass-
to-ethanol biological conversion process (Safari, Karimi, & Shafiei, 2017; Qin et al., 2016). As
mentioned earlier, in addition to their abundance, compared to agricultural and hardwood-
derived biomass sources, softwoods including species of Lodgepole pine, Norway spruce,
Western hemlock, and Douglas-fir, have the advantage of having a hemicellulose component that
is primarily composed of hexose sugars that can be much more readily fermented to ethanol by
conventional yeasts such as Saccharomyces cerevisiae (Kapu et al., 2013; Larsson et al., 1999).
However, as also mentioned earlier, softwoods generally have a higher lignin content and a
significantly different fiber structure and chemical composition, which make them more
recalcitrant towards deconstruction by biochemical processes compared to hardwoods and
agricultural biomass (Mooney et al., 1998; Xuejun Pan, 2005; L. Kumar, Arantes, Chandra et al.,
2012). Thus, if a biochemical conversion scheme can be demonstrated to be effective on
softwoods, similar strategies could likely be adapted universally to all lignocellulosic feedstocks.
These unique physical characteristics and chemical composition of softwoods create particular
challenges but also potential opportunities when attempting to utilize softwoods as a biorefinery
feedstock. Considering the recalcitrance of softwood biomass, the most important step for

applying biochemical conversion to softwood biomass is the pretreatment process, which aims to
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reduce biomass recalcitrance and separate/recover all of the biomass chemical components in a

useful form (Pienkos & Zhang, 2009; Stelte, 2013).

1.3 Steam pretreatment and post treatment

Some form of pretreatment is the prerequisite in all the bioconversion process. A “good”
pretreatment can be defined as an economical and scalable process that allows for an increase in
the accessibility of the biomass to hydrolytic enzymes to allow enzymatic hydrolysis at low
enzyme loadings while separating cellulose, hemicellulose and lignin and good recovery in a
useful form (R P Chandra et al., 2007). Pretreatment strategies have generally been categorized
into biological, physical and chemical processes, or a combination of these approaches (R P
Chandra et al., 2007). Among these processes, pretreatments that combine both chemical and
physical elements are generally referred to as physiochemical processes. This type of
pretreatment has received most attention in recent years. Unfortunately, many pretreatment
conditions that allow the production of an easily-digestible cellulose enriched substrate (usually
at very high pretreatment severity) typically result in significant loss of the hemicellulose
component (L. Kumar, 2013; Zhang et al., 2013). The degradation of the hemicelluloses not only
reduces the carbohydrate recovery, but also results in the formation of various degradation
products which are inhibitory to the downstream enzymatic hydrolysis and subsequent
fermentation processes (Jonsson et al., 2013; P. E. R. Persson et al., 2002). Therefore, the work
reported in this thesis has focused on adapting pretreatment conditions and assessing their

suitability for application on softwood lignocellulosic substrates.
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1.3.1 Steam pretreatment

Steam pretreatment has been derived from the Masonite pulping process which was
initially developed by William H. Mason in 1926 (R P Chandra et al., 2007). In the original
process the wood chips were steamed at a high temperature and pressure (~285°C and 3.5 MPa)
for approximately 2 minutes, followed by a rapid increase of the pressure (up to 7 MPa) for
about 5 seconds and then exploded to a sample collector at atmospheric pressure. Subsequent,
two stage low consistency refining resulted in a dark pulp of about 75% yield suitable for the
manufacture of high-density fiberboard (Stelte, 2013). The process showed great potential to
achieve efficient fiber separation with relatively low energy input (Koran et al., 1978). The
Masonite process was later substantially modified into today’s chemi-thermo-mechanical
pulping process (Vit and Kokta, 1986; Kokta and Vit, 1987; Law and Bi, 1989; Heitner et al.,

1991).

Steam pretreatment has been shown to be an efficient and industrially relevant method
for the newly developed biorefinery industry (Stelte, 2013). Generally, steam pretreatment is
conducted at relatively high temperatures and pressures (160-230 °C and 3.5 MPa) without or
with acid catalysts (e.g. SO2 and H2SO4) for about 5 to 10 min. This results in the dissolution of
large amounts of the hemicellulose sugars into a water soluble liquid stream while retaining the
cellulose and most of the lignin in the water insoluble solid stream. Steam pretreatment combines
both physical and chemical processes, solubilizing the hemicellulose through acid hydrolysis
while relocating lignin by causing it to flow above its glass transition temperature, increasing
overall cellulose accessibility (Donaldson, Wong, & Mackie, 1988). The extent of steam

pretreatment can be measured by the severity factor. In early work, it was reported by Vroom
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that the time and temperature of Kraft pulping was inter-dependent for a given pulp yield and
that it was possible to combine this effect into a single parameter (VVroom, 1957). The resulting H
factor is used in the pulp and paper industry to predict the degree of delignification and pulp
yield (Chum, Johnson, Black, & Overend, 1990). A lesson has been learned from the pulp and
paper industry as the severity factor which is used to assess the pretreatment effects was
modified from the H factor. The severity factor can be expressed by the equation as follows,

where “T” is the temperature in °C and “t” is the time in minutes (Overend & Chornet, 1987).
RO = ft o (T—100/14.75) ¢
0

Since the severity factor is used to describe the pretreatment effects, it has proven to be
useful in the field of bioconversion for comparing different pretreatment conditions and
feedstocks. Initially, it was largely used to predict the effect on enzymatic hydrolysis but not
much for the recovery of hemicellulosic sugars (Overend & Chornet, 1987). It was widely
acknowledged that the digestibility of biomass could improve with an increase of the
pretreatment severity (Ewanick et al., 2007). Subsequently, acid was introduced in the
pretreatment process as a catalyst to reduce the required temperature and reaction time. Thereby,
the influence of the acid catalyst was also integrated into the model by incorporating pH as an

additional variable (Chum et al., 1990). The resulting equation was as follows.
— (t ,(T-100/14.75)
Ro= | e dt —pH

Most of the commercial and demonstration facilities currently employ steam pretreatment

to process primarily agricultural residues or hardwood feedstocks (Janssen et al., 2013).
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However, when softwoods are used, providing good hemicellulose recovery in the liquid fraction
and a cellulose rich water insoluble fraction that is amenable to hydrolysis at relatively low
enzyme loadings, has proven to be more challenging (Hu, Chandra, et al., 2015). The recovery of
the hemicellulosic sugars in the liquid fraction has been recognized to be crucial if we want to
achieve a high overall sugar recovery (Olsen, Arantes & Saddler, et al, 2012). Even though the
ease of hydrolysis of the water insoluble, cellulosic rich fraction could be largely enhanced by
increasing the pretreatment severity, the usage of high severity pretreatment also diminishes the
overall sugar recovery and fermentability of the water soluble fraction through the degradation of
solubilized hemicellulose sugars (Pienkos & Zhang, 2009; Shuai et al., 2010). On the other hand,
pretreatment conditions which could provide reasonable hemicellulose recovery, usually do not
result in a cellulosic fraction that can be easily hydrolyzed. Thus, higher enzyme loadings are
required to achieve somewhat reasonable hydrolysis yields (Richard P. Chandra et al., 2016). It
should be noted that the recovery of the hemicellulosic sugars is extremely important for
softwoods for bioethanol production, since these are mainly hexose sugars that can be directly
used by the conventional Saccharomyces yeast. Therefore, one of the key challenges for steam
pretreatment is to recover as much hemicellulose as possible while enhancing the ease of

enzymatic hydrolysis of water insoluble cellulosic component at low enzyme loadings.

1.3.2 Post-treatment
As discussed above, variations on steam pretreatment have been the predominant
methods used in many bioconversion demonstration/commercialization processes (Ewanick et

al., 2007; Modenbach & Nokes, 2012). However, the solubilisation of hemicellulose enriches the
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lignin content in the resulting water insoluble substrate, consequently increasing substrate
recalcitrance. As mentioned earlier, a reasonable enzymatic hydrolysis yield of acid catalysed
steam pretreated softwood substrates at compromised condition usually requires unfavourable
high enzyme loadings (Pribowo, 2014). Although high severity steam pretreatment can produce
more hydrolysable substrate, it also creates large amount of hemicellulose sugar degradation
products such as acetic acid, furfural and HMF (hydroxymethylfurfural) which inhibit the
activity of enzymes and yeast during subsequent hydrolysis and fermentation processes (Modig,
Lidén, & Taherzadeh, 2002; Eva Palmqvist & Almeida, 1999). In addition, high severity
pretreatment also cause lignin condensation, which strongly limits the potential of further lignin
valorization (Ragauskas et al., 2014). Alternatively, in order to improve the ease of hydrolysis of
lignocellulosic substrates after steam pretreatment at a low severity, post treatment has been
applied which aims at lignin modification and/or removal thus to decrease substrate
recalcitrance. So far, the most common post treatment methods includes peroxide post treatment,
sulphite post treatment, and oxygen post treatment (Xuejun Pan, 2005). For example, the alkali
peroxide could be used to remove the residual lignin in the steam pretreated softwood biomass
which significantly improved the digestibility of the substrates during enzymatic hydrolysis
process (Yang, Boussaid, & Saddler, 2002). In addition, the alkali oxygen delignification has
been successfully applied to deligninfy the acid steam pretreated softwood biomass (Xuejun
Pan, 2005; Pan, Zhang, & Saddler, 2004). Other work has shown that sulphite post treatment can
both remove and modify lignin thereby improving the hydrolysability of the steam pretreated
softwood substrates. This indicated that not only lignin removal but also lignin modification
plays an important role in enhancing substrate digestibility (Mooney et al., 1998;L. Kumar,

2013). However, all of the previous research only focused on the hydrolysis of washed steam
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pretreated softwood substrates. Plus, the fermentability of these post treated substrates was also
not assessed. Although it has been suggested that chemicals used in post-treatment might have
some negative effects on the enzymes and yeasts, since high amount of sulphite and peroxide
have been proven to poison yeast (Petrovska, Winkelhausen, & Kuzmanova, 1999), the influence
of post-treatment on a whole slurry hydrolysis/fermentation system (no washing involved) need

to be further investigated.

1.3.3 Sulphite pretreatment to overcome the recalcitrance of lignocellulosic biomass
Sulphite pretreatment to overcome the recalcitrance of lignocellulosic biomass (SPORL)
has been shown to be one of the most effective pretreatments for softwood biomass (G. S. Wang,
Service, & Rockwood, 2009; Zhu et al., 2009; Qin et al., 2016). This pretreatment approach
combines mild acid sulphite pulping and mechanical refining to achieve effective hemicellulose
removal and lignin modification The SPORL process initially involved treating biomass using
2-4% sulfuric acid and 4-10% sodium bisulphite at temperatures from 160-180 °C for 30-75
minutes (G. S. Wang et al., 2009; Zhu et al., 2009). Since the pretreatment is performed under
acidic conditions in the presence of bisulphite, the hemicellulose and the lignin are partially
solubilized in the initial acid sulphite cooking stage prior to a subsequent mechanical refining
stage which is employed for size reduction. Although SPORL is performed under acidic
conditions that can promote lignin condensation when treating softwood biomass, the combined
effects of the addition of sulphite to the reaction and the modulation of the reaction pH between
3.5-5 favors lignin solubilisation. Due to the removal/modification of lignin and hemicellulose,
softwood substrates treated by the SPORL process can be readily hydrolyzed at enzyme loadings
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of approximately 20 FPU/g cellulose at 18 % total solid loading(Zhu, Gleisner, & Tian et al.,
2011). Another potential issue with SPORL pretreatment is the production of potential
fermentation inhibitors. It was shown that the pretreatment liquor in SPORL process contained
furfural 2.2 g/L, HMF 2.7 g/L, and phenolic compounds 5.3 g/L (Tian, Luo, & Zhu et al., 2010).
However, despite these possible drawbacks, it is apparent that sulphite mediated processes such

as SPORL are most effective when attempting to pretreat softwoods.

1.3.4 Sulphite treatment during steam explosion (pretreatment) for the production of
pulp and pretreated substrates

As well as utilizing acidic and neutral sulphite prior to mechanical refining for the
production of pretreated substrates for bionconversion or pulp, previous work has also examined
the effects of utilizing sulphite during the steam pretreatment process itself (Richard P. Chandra
et al., 2016). Most of the work applying sulphite during steam explosion has been performed
under neutral sulphite conditions. One objective has been to produce high-yield pulps while
consuming less energy for their production. As will be discussed in more detail below, the use of
sulphite under neutral conditions results in limited solubilization of the lignin component while
preserving most of the carbohydrates in the pulp furnish. So called “explosion pulps” have been
produced by impregnating wood chips with sulphite with subsequent steam explosion where the
high temperatures facilitate the sulphonation of the lignin component, while the explosive
decompression results in size reduction of the biomass (Kokta & Ahmed, 1998). Much of the
work on steam explosion pulping is summarized in a review by Kokta and Ahmed (Carrasco,

Kokta, & Garceau et al., 1994; Kokta & Ahmed, 1998). The process involves several steps that
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include soaking the chips at 60 °C for 24 h in solutions containing 8% Na>SO3z and various
concentration of either Na2COz or NaHCOs3, ranging from 0 to 2%. Next the chips are cooked at
a temperature of 190-200 °C for a short period of time (1-2 mins). This material is then rapidly
released with a pressure drop after the cooking followed by a further step of mechanical refining
(Carrasco et al., 1994). As mentioned earlier, this process was derived from the Mason process
that was used to produce fibers for the manufacture of fiberboard consisting of similar steps but
without chemical impregnation. The drawback of the Mason process was the weak mechanical
resistance and dark colour (Kokta & Ahmed, 1998). The new steam explosion pulping processed
that was suggested by Kokta was a result of the chemical impregnation step now used by the
chemi-mechanical pulping process (Carrasco et al., 1994). The addition of sulphite in Kokta’s
steam explosion work improved the mechanical properties of the pulps and decreased the
refining energy compared with that required in the Mason process. Although this method has
mostly been applied to hardwoods, it was shown that sulphite impregnated Black Spruce and
Douglas-fir exploded at temperatures of >200 °C cause fibre separation in the middle lamella

and limited fibre damage, thus preserving carbohydrate yield (Kokta & Ahmed, 1998).

Recognizing the ability of this process to sulphonate lignin while preserving the
carbohydrate components in the water insoluble fraction to potentially increase sugar
concentrations and reduce fermentation inhibitors, researchers recently applied the neutral
sulphite steam explosion to poplar wood (Richard P. Chandra et al., 2016). The resulting
substrate was rich in sulfonate groups and was readily hydrolyzed by cellulases at a solid loading

of 10% while recovering >85% of the carbohydrates present in the original biomass. However,
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this neutral sulphonation steam explosion approach has yet to be applied to softwood biomass at

high solids loadings with subsequent fermentation.

1.4 Mechanism of sulphite treatment of biomass

Sulphite reacts with biomass under acidic, neutral and alkaline conditions. Each of these
approaches is derived from various types of sulphite pulping (Gierer, 1985). At all pH values
(ranging from pH 2-11), sulphonation readily occurs on lignin macromolecules containing free
phenolic hydroxyl groups due to the formation of quinone-methide type intermediates that react
with sulphite and bisulphite (Gierer, 1985). Generally, acidic conditions operate through the
nucleophilic addition of bisulphite to lignin which results in the solubilisation of larger molecular
weight portions of the lignin macromolecule. Under neutral conditions, lignin is sulfonated and
is mostly retained in the biomass due to the lack of acidolysis or alkanolytic lignin cleavage at
neutral conditions. Alkaline sulphite pulping operates similarly to alkaline Kraft pulping with the
breakdown and solubilisation of lignin via sulphonation and alkaline induced lignin scission. The
amount of sulfur dioxide, bisulphite, is dependent on the pH of the solution. At acid conditions in
the range of pH 3-5, the predominant sulphur species is bisulphite while at alkaline conditions
(pH 8-10), sulphite is the predominant species (Figure. 3). At a given temperature, the extent of

delignification depends largely on the pH of the cooking liquor.

During acid sulphite pretreatment, the cleavage of less prevalent a-aryl ether bonds by
bisulphite is the most significant mechanism of lignin fragmentation. Thus, as mentioned above,
lignin is solubilized in larger molecular weight fragments. As well as lignin fragmentation, under

acidic conditions, competing condensation reactions can induce new stable carbon-carbon
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linkages which inhibit the solubilisation of lignin. As well as lignin solubilisation and
condensation, the labile hemicellulose is typically solubilized, de-acetylated and/or de-branched

under acidic conditions due to hydrolysis and de-acetylation reactions.

Increasing the pH to neutral or alkaline conditions shifts the reactions towards mostly
lignin phenolic groups ( Sjostrom, 1993). Initially, quinone methides are formed by the
deprotonation of the phenolic group under alkaline conditions, which cleaves the a-hydroxyl or
a-ether group. The quinone methide can then be attacked by bisulphite or sulphite with
subsequent displacement of the [B-substituent an additional sulphite or bisulphite ion. The
hemicelluloses on the biomass typically undergo deacetylation under the alkaline conditions. As
well as hemicellulose debranching, depending on the level of alkalinity, the carbohydrate
components can also undergo peeling reactions and alkaline hydrolysis (chain scission). Due to
their amorphous nature, the hemicellulose components are more prone to the peeling reactions
which result in the formation of saccharinic acids and carbohydrate losses under alkaline

conditions.
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Figure 3 Effect of pH on Sulfur Dioxide Species. Adapted from a pulping and bleaching lecture
by University of Washington.

Sulphonation leads to the generation of hydrophilic sulphonic acid groups (Chagaev,
Heitner, & Hellstern, 2005). Sulphonation and hydrolysis are the reactions which result in
delignification and the increase in the hydrophilicity of lignin. The solubilized lignin, or
lignosulfonates that result from sulphonation are currently one of the only marketable lignin
derived products. Although lignin has been shown to play an influential role in softwood
recalcitrance (L. Kumar et al., 2012), the sulfonated residual lignin in the substrate has been
shown to be far less detrimental towards enzymatic hydrolysis compared to the native biomass
lignin. This is thought to be due to the sulfonic acid induced swelling of the substrate and a
decrease in non-productive binding between cellulolytic enzymes and the hydrophilic sulfonated

lignin(Zhu et al., 2009; L. Kumar, 2013).
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1.5 Enzymatic hydrolysis

Besides pretreatment, subsequent enzymatic hydrolysis of the pretreated lignocellulosic
substrates plays an essential role in the cost effective bioconversion process due to the high price
of the enzymes. Previous work by many research groups and enzyme companies has
significantly decreased the required enzyme dosage by 20-30 fold, by improving the individual
and collective enzyme activities. However, much of the research on enzyme development was
aimed at optimizing enzyme cocktail for biomass substrates such as corn stover rather than

woody biomass substrates.

1.5.1 Bioconversion enzyme system

Glycoside hydrolases (GH) have been grouped into 132 families as described in the
Carbohydrate Active Enzymes Database (CAZY) in which cellulolytic enzymes belong to at
least 14 families (Henrissat & Daviest, 1997). An effective cellulase mixture typically consists of
three major types of cellulase enzymes namely endoglucanase, exoglucanase and -glucocidase.
As well as these three main types of cellulases, some so called “accessory enzymes” such as
hemicellulases, ligninases, swollenins and lytic polysaccharide monooxygenases also contribute
significantly to the efficient deconstruction and hydrolysis of various types of lignocellulosic
substrates (Hu, Chandra, et al., 2015; Hu, Gourlay, et al., 2015; Gourlay, Hu, Arantes, Penttild,
& Saddler, 2015; Hu, Arantes, & Saddler, 2014). The mechanism of enzymatic hydrolysis of the
glycosidic bond takes place via an acid/base catalysis, which requires two critical carboxylate
groups that play the role of a proton donor and a nucleophile/base (Payne et al., 2015). The major

organism that has been used to express cellulase enzyme cocktail is the filamentous fungi
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Trichoderma reesei due to its tremendous ability to secrete significant amounts of cellulolytic

enzymes (Aker, Inter, & Immel et al., 2001; 1. Persson, Tjerneld, & Hahn-Hagerdal, 1991).

In the fungal cellulase system, the main exoglucanases are Cel7A and Cel6A (Payne et
al., 2015). The Cel7A which is also named as CBH 1, accounts for 50-70% of the total protein
expressed from a Trichoderma reesii, and is thus a major component of the cellulase mixture (I.
Persson et al., 1991), while the Cel6 A named as CBH Il accounts for another 10-15% of the total
protein in the cellulase system (Payne et al., 2015). Two types of exoglucanases process the
hydrolysis from the reducing (by Cel7A) and non-reducing (by Cel6A) ends of the cellulose
chain respectively, releasing cellobiose as the major hydrolysis products (Jgrgensen, Kristensen,
& Felby, 2007). Both Cel7A and Cel6A have a two domain structure, of which a large catalytic
domain consists of a tunnel-like structure with 10 separate binding subsites around the active
center (Payne et al., 2015). Through a glycosylated linker peptide, the catalytic domain connects
with a small family 1 cellulose-specific carbohydrate binding module (Lou et al., 2014). A large
number of interactions with a single cellulose chain and a processive style of hydrolytic action

probably result from this special structure (Beckham et al., 2010).

As well as exoglucanases, endoglucanases (e.g. Cel7B and Cel5A) are the other major
cellulase components in the fungal cellulase system. They normally account for 6-10% of the
total protein secreted by T.reesei (I. Persson et al., 1991). The function of the endoglucanases
during hydrolysis is to dramatically decrease the degree of polymerization (DP) of cellulose
chains and create more reactive sites (reducing and non-reducing ends) for the exoglucanases
(Van Dyk & Pletschke, 2012). The endoglucanases typically have a similar two domain structure

as the exoglucanases, but unlike exoglucanase, their catalytic domain has a more open active site
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cleft which is more suitable for grabbing the glucan chains within the amorphous cellulose
region (Kleywegt et al., 1997). The major hydrolysis products of endoglucanases are cellotriose,

cellobiose and glucose (Payne et al., 2015).

Unlike endo/exo-glucannases, B-glucosidases have only one domain which has a pocket-
like structure (Chirico & Brown, 1987; Jager, Brumbauer & Re et al., 2001). The major role of -
glucosidases is to hydrolyze the soluble cellodextrins created by the exo/endo-glucanases to
glucose (Jager et al., 2001). Although different types of disaccharides and cellodextrins can be
effectively hydrolyzed (Langston et al.,, 2006; Korotkova et al., 2009), glucose and
gluconolactone have been shown to be strong competitive inhibitors to its activity (Nishimura
and Ishihara, 2009). This inhibition can become a big challenge when hydrolyzing substrates at
high solids loadings or in the presence of solubilized sugars during the whole slurry hydrolysis of

steam pretreated substrates. This problem is described in more detail later in the thesis.

1.5.2 Factors affecting enzymatic hydrolysis of lignocellulosic substrates

1.5.2.1 Enzyme factors

The ease of hydrolysis of a given substrate can be affected by enzyme factors such as the
enzyme inhibition as well as the constituents of the enzyme cocktail (Zhai, Hu, & Saddler, 2016;
Hu, Chandra, et al., 2015). It is widely acknowledged that high concentrations of “end products”
such as glucose or cellobiose can significantly limit the rate and yields during cellulose
hydrolysis (Quintanilla, 2013). For example, exoglucanases and endoglucanases are directly

inhibited by cellobiose while glucose strongly inhibits all types of cellulase enzymes (Mandels &
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Reese, 1965; Eric Johnson, 1982). In terms of inhibition mechanism, it mainly involves
competitive and uncompetitive as well as some others such as interfering enzyme-substrate
interactions and exoglucanase processive movements (Payne et al., 2015; Zhai, Hu, & Saddler,

2016).

The hydrolysis of lignocellulosic biomass requires a combination of cellulase
components and so called “accessory enzymes” whose synergistic action is more efficient than
the sum of the actions of the individual enzymes (Hu, Chandra, et al., 2015; Hu, Gourlay, et al.,
2015; Hu et al., 2014). Much of the initial research in this area focused on optimizing cellulase
components for the hydrolysis of “model” cellulosic substrates such as cotton fiber, Avicel, and
filter paper (Baker et al., 1998; Kim et al., 1998; Boisset et al., 2001). However, it is increasingly
realized that the optimized cellulase mixtures based on “model” cellulosic substrates do not
reflect their hydrolysis potential on “real-life” pretreated lignocellulosic biomass (Meyer et al.,
2009; Gao et al., 2010). More recently, it has been recognised that some so called cellulase
“accessory enzymes” and/or disrupting proteins, such as hemicellulases, lytic polysaccharide
monooxygenase (LPMOs), loosenin and swollenin, although not directly hydrolyze cellulose,
can significantly enhance the hydrolytic performance of cellulase enzymes on various cellulosic
substrates (Gourlay et al., 2015; Hu, Chandra, et al., 2015). For example, we and others have
found that LPMO AA9, swollenin and xylanases can synergistically cooperate with cellulase and
significantly improve the hydrolytic efficiency of cellulases over a range of pretreated biomass
substrates (Gourlay et al., 2015; Hu, Chandra, et al., 2015). In addition, small amounts of other
“accessory enzymes” such as acetyl esterase, arabinofuranosidase (Arb), glucuronidase (Gl), and

mannanase can also contribute to cellulose hydrolysis. However, the observed synergism
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between cellulase and accessory enzymes has been shown to be highly depended on the type of
pretreated biomass (Hu et al., 2014). In the case of softwood biomass, mannanases are
anticipated to be more beneficial than xylanases since the majority of softwood hemicellulose
components have mannan in their backbone structure (Section 1.2.2.2). However, the
development of mannanases in the cocktail has received far less attention as compared other
“accessory enzymes”. Although some authors have shown that mannanases addition can
contribute to the hydrolysis of pretreated softwoods, the limited improvement (Véarnai, Huikko,
& Viikari et al., 2011) might be have been due to less mannan being present in their pretreated
biomass. Thus, it is likely that using the “right” enzyme cocktail will help achieve fast and

efficient hydrolysis of certain types of pretreated biomass.

15.2.2  Substrate factors

As well as enzyme related factors, the physico-chemical characteristics of pretreated
biomass substrates also play a major role in influencing the ease of hydrolysis of a given
substrate. It has been shown that the content, type, location and arrangement of the cellulose,
hemicellulose and lignin govern the overall “accessibility” of the lignocellulosic substrate
(Richard P Chandra et al., 2009; L. Kumar et al., 2012; C. A. Mooney, Mansfield, & Saddler et
al., 1999). Substrate characteristics are both physical and chemical and range from the
macroscopic to the nano-scale. Physical characteristics include, particle size, crystallinity and
porosity while chemical characteristics refer to properties such as the substrate chemical
composition and the chemical linkages between individual cell wall components. Many substrate

properties such as lignin/hemicellulose content and location, gross fiber properties, cellulose
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crystallinity (Crl)/degree of polymerization (DP)/accessibility have been shown to influence

cellulose hydrolysis (Hu & Saddler et al., 2014).

For softwoods, as mentioned earlier, lignin plays a major role in overall substrate
recalcitrance (Richard P. Chandra et al., 2016; L. Kumar et al., 2012; Li et al., 2007; C. Mooney
et al., 1998). The removal of lignin from steam pretreated softwood biomass has been shown to
improve cellulose accessibility by increasing substrate swelling and porosity, as well as
decreasing the non-productive binding of enzymes to the lignin (L. Kumar et al., 2012; C.
Mooney et al., 1998). As mentioned earlier, softwoods contain higher amounts of lignin than
hardwoods and are rich in guaiacyl subunits, which increases the inherent recalcitrance of the
softwood lignin due to the increase carbon-carbon bonds on the more accessible Cs position in
the benzyl ring (Cai et al., 2015). In addition, the softwood lignin is also more prone to
condensation reactions during thermochemical pretreatment process which increases the
hydrophobicity of the lignin and thus its tendency to non-productively bind cellulases during

hydrolysis (Lin, 2016).

1.5.3 High solid loading hydrolysis

It has been reported that the final ethanol distillation process plays a significant role in
the overall commercial viability of the biomass-to-ethanol process (W.-D. Huang & Percival
Zhang, 2011). Normally, the energy consumed in the ethanol distillation process will increase
rapidly if the ethanol concentration is less than 4.5%. This will be detrimental to the cost
effective bioethanol production process. Therefore, high solid loading hydrolysis and high

gravity fermentation could lead to the high sugar/ethanol concentrations, resulting in the biomass
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to ethanol process being an efficient one. Besides saving distillation costs, high solid loading
hydrolysis would also result into other significant operational savings such as water and vessel

input.

Although high consistency hydrolysis of lignocellulosic biomass seems attractive, unlike
the hydrolysis of starch-based first generation bioethanol production that can easily be carried
out at a 20-30% solid content, there are lots of challenges with a biomass substrate. These
include inefficient mass transfer and increased levels of enzyme inhibitors from both sugar and
various degradation products derived from thermo-mechanical pretreatment associated with the
high solid loading hydrolysis of lignocellulosic biomass (Kristensen, Felby, & Jgrgensen, 2009).
Several strategies have been attempted to overcome the challenges associated with the high solid
hydrolysis. For example, specially designed reactors and fed-batch hydrolysis have been
explored to overcome the rheological problems (Jorgensen et al., 2007; Zhang et al. 2009; Varga
et al., 2004), while simultaneous saccharification and fermentation (SSF) processes has been
performed to reduce cellulase end product (glucose) inhibition (Varga et al., 2004; Rudolf et al.,
2005; Jorgensen et al., 2007). Recent work has also indicated that some of the so called cellulase
“accessory enzymes” such as lytic polysaccharide monooxygenase (LPMO) and xylanases can
significantly facilitated high solid loading hydrolysis by selectively modifying the carbohydrate

network within the pretreated biomass (Hu et al., 2016).

Although effective enzymatic hydrolysis at a 30% of solid loading can be achieved by
using the specially designed reactors such as horizontally placed drum with a horizontal rotating
shaft mounted with paddlers (Jorgensen et al., 2007) and the peg mixer (Zhang et al., 2009),

many authors have claimed that hydrolysis at a lower, 20-25% solid loading would be more
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practical (Cara et al., 2007; Zhang et al., 2009; Di Risio et al., 2011). A 20-25% solid loading
hydrolysis could achieve more than 100g/L of glucose (pretreated biomass substrates typically
contains more than 60% of cellulose) without sacrificing too much of the hydrolysis yield, and a
pulp consistency between 20-25% is also typically encountered in the “pulp and paper” industry
(Zhang et al., 2009). Therefore, the 25% solid loading hydrolysis was selected in the work

reported here to try to mimic an industrial scenario.

The high lignin content of the steam pretreated softwood substrate (~50%) was
anticipated to be a challenge for conducting high solid loading hydrolysis, since large amount of
cellulase enzymes would tend to unproductively bind to these condensed lignin matrixes due to
their hydrophobic properties (C. Mooney et al., 1998). In addition, these lignin will significantly
block the accessibility of the carbohydrates within the substrate towards their hydrolytic enzymes
(L. Kumar et al., 2012). Although lignin sulphonation should help overcome these two
challenges, the sulfonated lignin might induce another challenge at high solid loading hydrolysis
due to its increased hydrophilicity (increased difficulty for mixing). Therefore, the degree of
lignin sulphonation might have to be compromised between carbohydrate accessibility, lignin-

enzyme interaction and lignin-water interaction at high solid loading hydrolysis.

However, as mentioned before, even if a reasonable cellulose hydrolysis yield can be
obtained at a 25% of solid loading, the water soluble fraction derived from the steam pretreated
softwood biomass (mainly contains hemicellulosic sugars) still need to be integrated in order to
obtain a sugar concentration that approaches first generation bioethanol production. However,
the use of a “whole-slurry” at solids loadings results in another challenge as the various soluble

components generated during steam explosion, including various degradation products derived
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from the hemicellulose and lignin fractions, are known to be inhibitory to both the enzymatic
hydrolysis and fermentation processes. It has been shown that the sugars and the phenolics are
the major group of inhibitors (Zhai et al., 2016). Therefore, another main objectives of the thesis
work is to overcome these soluble inhibitors present in the “whole-slurry” solids loadings
hydrolysis process. It has been shown that sulphite post treatment can also detoxify phenolic
inhibitors through a reduction mechanism (Cavka et al., 2011). Thus, in the project, we will try
to develop an one step sulphite treatment process to both sulfonate water insoluble lignin and
detoxify the soluble phenolics to improve the “whole-slurry” solids loading hydrolysis of steam
pretreated softwood substrates. In addition, the simultaneous saccharification and fermentation
(SSF) process will also be employed to try to mitigate the sugars induced end products inhibition
of cellulase enzymes, with the main goal of bring the second generation bioethanol production
(based on lignocellulosic biomass) as close as possible to first generation bioethanol production

(based on sugar/starch feedstocks).

1.6 Fermentation

1.6.1 Yeast strain selection

Yeast strain selection is of great practical importance for the ethanol production and the
identification of commercial and wild yeasts is of major concern in many industrial processes
(Dition, 2003). For example, in first generation ethanol production, wild yeast contamination will
lead to a decrease in the final ethanol production and this will likely be even more problematic

for second generation lignocellulosic bioethanol production (Walker, 2011). Therefore, in order
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to guarantee the usage of proper yeast strains in fermentation, some yeast selection/identification
technologies which allow the detection and recognition of the most suitable yeast strains should
be carried. The general yeast identification methods which have been developed over the past
several decades include culture characterization, morphological characterization, physiological
characterization, replica plating and some genetic approaches. However, the use of these
traditional techniques might not reflect the real performance of yeast strains during fermentation
of lignocellulosic hydrolysates due to system complexity and the multi-stress environment.
Therefore, a direct comparison of the fermentation profiles (e.g. ethanol productivity, yield and
titer) might be more suitable for selecting the best yeast strains for lignocellulosic bioethanol
production.

Among all the yeast species, Saccharomyces cerevisiae is the predominant species that
has been utilized for the production of ethanol since it has the capability to ferment a range of
sugars from different sources to ethanol alcohol (Walker, 2011). Ethanol fermentation is a
biological process which converts sugars such as glucose, fructose and sucrose into cellular
energy, producing ethanol and carbon dioxide, as shown in (Figure 4). Generally, yeast species
such as S.cerevisiae first utilize glycolysis which breaks down glucose (six-carbon) to pyruvate
and two molecules of ATP to provide energy. The glycolysis process consists of 10 steps that
can be generally separated into 2 phases including the preparatory and the pay-off phases. In the
preparatory phase (first five steps of glycolysis), the glucose is converted into two three-carbon
molecules of glyceraldehyde-3-phosphate, while the remaining phase is referred to as the “pay-
off” phase where 2 molecules of pyruvate, NADH and ATP are produced (Nelson & Cox, 2013).
Alcoholic fermentation has to be conducted in an anaerobic environment (conducted without

oxygen), since pyruvate and NADH will go to respiration (oxidative phosphorylation) in the
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presence of oxygen which generates much more ATP than glycolysis alone. Under anaerobic

conditions, two molecules of pyruvate are converted to acetaldehyde and carbon dioxide while

the reducing power of NADH is used to convert acetaldehyde to ethanol while regenerating

NAD+ for the glycolysis process.
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Figure 4 Ethanol fermentation pathway in Saccharomyces cerevisiae (adapted from Bai,

Anderson, & Moo-Young, 2008a)

1.6.2 High gravity fermentation

To try to increase the efficiency of first generation ethanol production considerable

attention has been paid to improving bioethanol production. Of the various approaches that have

been adopted high gravity fermentation technology, which was initially developed in the 1980’s,
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has been increasingly implemented (Puligundla, Smogrovicova, & Ko et al., 2011). High gravity
fermentation can be defined as fermentation of higher concentrations of sugar substrate resulting
in an increase in the final ethanol concentration (Koppram, Toméas-Pejd, & Olsson et al., 2014).
High gravity fermentation has the benefit of using less water and optimizing the use of available
reactor volume, while also reducing energy costs required for cooling during fermentation and
the volume of liquid that is distilled following fermentation (Jones & Ingledew, 1994; Kapu et

al., 2013).

Before high gravity fermentation was introduced, corn ethanol production rarely occurred
at solid corn slurries greater than 20 %, w/w, with final ethanol titers seldom reaching 10 %
(v/v), mainly due to yeast inhibition at higher ethanol concentrations (Singh et al., 2010). High
gravity fermentation has expanded primarily as a result of improvements in yeast strains (either
through classical mutation/directed evolution and selection or through genetic engineering) and
optimization of fermentation conditions (Nichols et al., 2006; Caspeta et al., 2014). As a result

ethanol yields of 20-23 % (v/v) are now possible.

Despite many advantages there are several challenges with high gravity fermentation
such as resulting high levels of stress to the fermenting microorganisms. Low water activity and
higher sugar concentrations can also result in high osmotic pressures at concentrations above the
yeasts’ tolerance limit (>30% wt/vol) (S. L. Kumar, 2014). Increased external osmolarities can
lead to cell dehydration, the collapse of the plasma membrane ion-gradients and a subsequent
loss in cell viability (Bai, Anderson, & Moo-Young, 2008). One of the responses of the yeast to
increased external solute concentration is to accumulate glycerol through the activation of the

high osmolarity glycerol pathway (HOG) (stimulation of 6-phosphofructo-2-kinase-PFK2). This
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essentially helps prevent cell collapse and facilitates the survival and proliferation of the cells

(Petrovska et al., 1999).

When using lignocellulosic hydrolysates as the feedstocks for high gravity fermentations,
the influence of multiple stresses can be anticipated. These include the presence of high
concentration of inhibitory compounds, the presence of multiple sugars and the lack of any in-
situ nutrient availability (Figure 5) (S. L. Kumar, 2014). However, some of the strategies that
have been successfully used in the starch or sugarcane ethanol industries should be able to be
adapted to at least partially overcome some of these multiple stress factors. For example,
genetically modified yeast have been shown to better deal with extreme conditions of osmolality
(Caspeta et al., 2014; Lam, Ghaderi, & Stephanopoulos, 2014). Various methods, such as
nutritional supplementation, the use of mutant yeast strains, more efficient aeration than
conventional brewing, higher pitching rates/cell densities and the use of immobilized yeast have
also been successfully used to enhance fermentation (Claesson, 2011; Jargensen, 2009; Harner et

al., 2013; Yu, Zhang, & Tan, 2007)
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Figure 5 Key stress factors that are anticipated to be encountered during high gravity

fermentation of softwood hydrolysates (adapted from Puligundla et al., 2011)

1.6.3 Nutrient supplementation

During high gravity fermentaion, nutrient supplementation is typically required to
improve yeast stress tolerance in the multi-stress conditions resulting from high concentrations of
inhibitors, sugars and ethanol (Xiros & Olsson, 2014). Nutrient supplementation has been shown
to further improve final ethanol titers and overall productivity (Claesson, 2011; Jgrgensen,
2009). For example, the utilization of yeast extract, an enriched nitrogen source, has been shown
to greatly reduce the fermentation times (improved the productivity) of very high gravity
fermentations of dissolved wheat mash (~ 350 g/L) from 7 days to 3 days while resulting in
similar final ethanol titers (around 17%) (Thomas & Ingledew, 1990; Bai et al., 2008).

Considering the relatively high cost of yeast extract, several industrial relevant nutrients (e.g.
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urea, MgSQOa, NH4SO4) have been used instead of yeast extract (Claesson, 2011). In addition to
looking at alternative nitrogen sources such as urea, numerous other types of nutrients such as
oxygen, magnesium and phosphorus have also been reported to improve ethanol fermentation,
likely by improving the inhibitors tolerance of the yeasts (Brandberg & Carl Johan Franzen,
2005; C.G. Liu, Lin, & Bai, 2011; Jgrgensen, 2009). Since lignocellulosic hydrolysates typically
lack several key nutrients that are needed for optimal yeast growth and stress tolerance (Kapu,
2013), nutrient supplementation was anticipated to play an essential role in the current study
where the whole-slurry high solid loading softwood biomass hydrolysis and fermentation was
assessed. Recent studies have shown that adding supplementary nutrients enhanced yeast growth
and ethanol production when grown on the sugars present on un-modified/detoxified softwood

hydrolysates (Rudolf et al. 2007, Bertilsson et al. 2009, Olofsson et al. 2010).

1.6.4 High cell density fermentation

High cell density fermentation is commonly applied during high gravity fermentation
processes. This results in higher volumetric ethanol productivities due to the increased number of
“working cells” (Borzani et al., 1993, Navaro 1994, Cardona and Sanchez 2008, Walker 2011; E.
Palmqvist, 1998). During high cell density fermentation, large amounts of yeast cells are
inoculated into the fermentation tank. This directly initiates ethanol production by reducing the
lag phase and down-regulating yeast cell growth (reducing carbon drain for cell growth),
resulting in much better ethanol yields (Melzoch et al., 1991; E. Palmqvist, 1998). In addition,
since the large yeast population has significantly improved its inhibitor tolerance, due to
decreased cell stress, it should have great potential for the production of cellulosic ethanol where

much more inhibitory factors are likely (Alriksson, Cavka, & Jonsson, 2011; Kapu et al., 2013).
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For example, it has been shown that increasing yeast cell density from 1 g/l to 3 g/l led to a more
than three-fold increase in ethanol productivity during the fermentation of the hydrolysate from
steam pretreated sweet sorghum bagasse (Shen et al. 2012). Significant improvements in ethanol
productivity/yield/titer have also been reported when using molasses and hydrolysates from
pretreated sugarcane bagasse (Palmqvist et al. 1998; Canilha et al., 2010; Canihla et al. 2012;
Nofemele et al., 2012). Thus, it is anticipated that the use of high cell density fermentation
should also facilitate the fermentation of whole-slurry, high solid softwood biomass

hydrolysates.

1.7 Inhibition of the fermentation of lignocellulosic hydrolysates and possible
detoxification strategies

As mentioned earlier, naturally occurring (i.e. extractives) and process derived (i.e.
furans, lignin’s) inhibitors in the whole-slurry hydrolysis system limit both the hydrolytic
performance of enzymes and significantly decrease ethanol productivity and yield (Jonsson et al.,
2013; Larsson, Reimann, Nilvebrant, & Jonsson, 1999). Considerable effort has been expended
in trying to identify these fermentation inhibitory components as well as to develop effective
detoxification methods (Keating, Panganiban, & Mansfield, 2006; Eva Palmqvist & Hahn-
Hégerdal, 2000; P. E. R. Persson et al., 2002; Xiros & Olsson, 2014). It has been suggested that
lignocellulosic biomass derived fermentation inhibitors can be generally divided into the three
categories of; 1) furan and HFM resulting from Cs and Ce sugars degradation; 2) aliphatic acids,
liberated from hemicellulose and furan aldehydes decomposition; and 3) phenolic compounds

that naturally existed in the biomass (extractives) or derived from lignin degradation (Larsson,
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Palmaqvist, et al., 1999). The formation of various fermentation inhibitory compounds from

lignocellulose during diluted acid pretreatment is illustrated in (Figure 6).
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Figure 6 Formation of inhibitors. Schematic indicating the main routes of inhibitors formation.

(Note: Furan aldehydes and aliphatic acids are carbohydrate degradation products, while lignin is
the main source of phenolic compounds, as indicated by guaiacyl (4-hydroxy-3- methoxyphenyl)
and syringyl (4-hydroxy-3,5-dimethoxyphenyl) moieties found in many phenolics. While the
furan aldehydes and aliphatic acids content are relatively easy to determine, the quantification
and identification of phenolic compounds remains challenging. The insert shows the variety of
peaks representing phenolic compounds found in a hydrolysate of Norwegian spruce, as
indicated by analysis using liquid chromatography-mass spectrometry (LC-MS)) Adapted from

Jonsson et al, 2013.
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Furan aldehydes (Furfural and HMF) are the degradation products derived from cellulose
and hemicellulose sugars. The Cs sugars (glucose, mannose, galactose) and the Cs sugars
(arabinose, xylose) undergo dehydration reactions to yield hydroxyethyl furfural (HMF) and
furfural, respectively (Jonsson et al., 2013). Although most of the aliphatic acids, such as
levulinic acid and formic acid, come from the further decomposition of HMF and furfural, the
acetic acid originates from the acetyl groups originally substituted on the hemicellulose
backbone. The phenolic compounds are mainly generated from heteropolymeric lignin
degradation at higher temperature and acid-catalyzed conditions (Larsson, Reimann, & Jonsson,

1999; Pienkos & Zhang, 2009; Romani, Ruiz, & Domingues, 2014).

1.7.1  Inhibition mechanism

The inhibition mechanism of these biomass derived inhibitors on the yeast fermentation
metabolism has been extensively studied (Chandel, Silvério, & Singh, 2011; Guo, Cavka,
Jonsson, & Hong, 2013; Jonsson et al., 2013; Modig et al., 2002; Eva Palmqvist, 2000; Eva
Palmqvist & Almeida, 1999; Eva Palmqvist & Hahn-Hégerdal, 2000; Xiros & Olsson, 2014).
Although the specific underlying mechanisms responsible for fermentation inhibition remains
unclear, it has been shown that these inhibitors can interact with yeasts to decrease their
fermentation performance via several mechanisms such as chemical interference with cell
membranes, direct inhibition of ethanol production pathways, and/or osmotic pressure effects on

the yeast cells (Z. L. Liu, 2011; E Palmqvist, Grage, Meinander, & Hahn-H&gerdal, 1999).
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It has been suggested that the furans adversely affect the activity of some enzymes in the
glycolysis metabolism pathway, such as alcohol dehydrogenase, aldehyde dehydrogenase and
pyruvate dehydrogenase, significantly reducing ethanol productivity and yield (Modig et al.,
2002; Modig, n.d.; Eva Palmgvist & Almeida, 1999). The inhibitory effects of aliphatic acids
have been shown to be highly dependent on their acid dissociation constant pKa (E Palmqvist et
al., 1999). Since the pH of fermentation medium is around 5.5 while the pH of the yeast cell
cytoplasm is about 7.0, an aliphatic acid with a pKa between 5.5 and 7.0 will dissociated in the
cell cytoplasm, consequently decreasing the intracellular pH. Therefore, if the aliphatic acid
concentration is high, a greater amount of plasma membrane ATPase needs to be utilised to
pump out the accumulated protons to maintain the intracellular pH. In contrast, if the aliphatic
acetic concentration is moderate, under anaerobic conditions, ATP can be provided by enhanced
ethanol fermentation, thus increasing the ethanol yield (Taherzadeh, Niklasson, & Lidn, 1997).
However, if the aliphatic acid concentration is too high, ATP must be generated in order to
maintain the intracellular pH. Under anaerobic conditions this is achieved by increased ethanol
production at the expense of yeast biomass formation, thereby inhibiting the yeast (Eva
Palmqvist & Hahn-Hdégerdal, 2000). Although the exact inhibitory action of phenolic compounds
is still unclear, some possible mechanisms have been suggested. For example, the double bond in
the side chain of some phenolics was believed to inhibit some key enzymes (e.g. alcohol
dehydrogenase, aldehyde dehydrogenase) in fermentation metabolism pathway (Adeboye,
Bettiga, & Olsson, 2014). In addition, the hydrophobic character of phenolics might interfere
with yeast cell membranes, changing the cells lipid : protein ratio (Jurado, Prieto, Martinez-

Alcald, Martinez, & Martinez, 2009).
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1.7.2  Detoxification methods

The strategies that have been used to detoxify fermentation inhibiters include chemical
(e.g. overliming, sulphite, dithionite etc.), biological (bacteria, fungi, laccase etc.) and physical
methods (anion exchange, membrane separation, evaporation etc.) (Jonsson et al., 2013;
Parawira & Tekere, 2011; Pienkos & Zhang, 2009). Chemical detoxification approaches have
tended to predominate due to their efficiency and lower capital costs (Jonsson et al., 2013).
Alkali treatments such as overliming (by using calcium hydroxide) has been studied for a long
time (Ranatunga, Jervis, Helm, Mcmillan, & Wooley, 2000). The detoxification mechanism of
overliming was originally thought to be a result of the precipitation of inhibitory components
(Zyl, Prior, & Preez, 1988). However, subsequent investigations have suggested that, in addition
to the removal of inhibitors through precipitation, overliming also results in the chemical
conversion of inhibitors. This was result of sodium hydroxide treatments which didn’t generate
much precipitation but significantly improved ethanol yields and productivity (P. E. R. Persson
et al., 2002). Although overliming is an effective detoxification strategy, one key limitation
associated with overliming is that sugar degradation also occurred, considerably decreasing final
ethanol yields. Overliming also requires the use of relatively high temperature (70 °C) which is
also energy intensive.

Aside from overliming, in-situ detoxification using reducing agents such as sulphite and
dithionite has received considerable attention in recent years. (Alriksson et al., 2011). Recent
work has indicated that in-situ sulphite/dithionite treatment showed similar effects as overliming

without the input of extra energy that is needed to increase the temperature during overliming
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treatment. It has been suggested that the detoxification mechanism of sulphite and dithionite is
the reduction and sulphonation of inhibitiors in the water soluble stream and that dithionite was
more efficient than sulphite at similar molar loadings such as 10 mM (Alriksson et al., 2011).
Coincidentally, the sulphonation of water insoluble lignin within the steam pretreated substrate
has been shown to be one of the most effective approaches to improve enzymatic hydrolysis
yields at reduced enzyme loadings (L. Kumar et al., 2011; C. Mooney et al., 1998). Along with
lignin/phenolic sulphonation, it has been reported that the reduction of phenolic compounds also
happens when sulphite is used to detoxify the water soluble streams resulting from the steam
pretreatment of softwoods (Cavka et al., 2011). Recent work has shown that a reduction in the
amount of phenolics can significantly improve enzymatic hydrolysis by reducing phenolic
toxicity towards cellulase enzymes (Zhai et al., 2016). Thus, one of the main objectives of this
thesis was to develop a one step sulphite treatment process to improve both the enzymatic

hydrolysis and the fermentation of whole-slurry, high solid loading, steam pretreated softwoods.

1.8 Thesis overview and objectives

As mentioned earlier, although conventional sugar/starch based bioethanol (first
generation bioethanol) production has been successfully commercialized by using high gravity
fermentation (10-15% v/v ethanol within 10 hours), the commercialization of biomass-derived
(second generation) bioethanol is still challenging. This is mainly due to the relatively low
concentration of fermentable sugars that are typically derived from enzymatically hydrolyses
pretreated biomass and the high fermentation inhibitors derived from both the biomass itself and
the physicochemical pretreatment process. Although whole-slurry, high solid loading hydrolysis

of softwood biomass could potentially result in high concentrations of fermentable sugars
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(glucose and mannose), it faces several challenges. These include a high lignin content, a more
condensed lignin structure and high concentrations of fermentation inhibitors. Thus, one of the
major goals of the thesis work was to optimize the pretreatment, post-treatment, enzymatic
hydrolysis and fermentation conditions of whole-slurry high solid loading softwood biomass
such that high sugars concentrations, and consequently high ethanol productivities and titers
could be achieved using a relatively low enzyme loading within a short time period.

Since high cell density fermentation with nutrient supplementation has been used at
industrial scale, one of the initial objectives of the thesis work was to establish “optimized”
fermentation conditions for cellulosic ethanol production. Therefore, model/“pure” cellulosic
substrate dissolving pulp and a “realistic”, pretreated lignocellulosic substrate, steam pretreated
lodgepole pine, were hydrolyzed at high solids loadings (>20% wi/w) to obtain a high
concentration of fermentable sugars. The fermentability of various potential cellulosic ethanol
production strains including strain 6391 from sugar cane ethanol fermentation, strain 7442 from
starch/lignocellulose  ethanol fermentation, strain 6469 starch/lignocellulose ethanol
fermentation, and strain T» from spent sulphite liquor fermentation, were assessed at
low/medium/high cell densities were compared. It is hoped that these optimized fermentation
condition (e.g. yeast strain, cell density, nutrients etc.) would form a good basis for the
subsequent fermentation of the whole-slurry, high solid, softwood biomass hydrolysate.

At the established, “compromise” steam pretreatment conditions that were used, most of
the softwood hemicellulose components were solubilized. However, the high lignin content of
the water insoluble cellulosic fraction still strongly limited the efficiency of enzymatic hydrolysis
of the cellulose. Sulphite post-treatment at an elevated temperature has been used to sulphonate

lignin, significantly increasing cellulose accessibility and decreasing cellulase adsorption. In
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addition, when whole-slurry high solids loading hydrolysis is carried out, high inhibition occurs
for both the enzymatic hydrolysis and fermentation processes. However, sulphite treatment at
room temperature has been shown to be an effective detoxification method to deal with these
inhibitory components. Thus, one of the major goal of the proposed work was to develop a
sulphite treatment process to alleviate these challenges during the steam pretreated, softwood
whole-slurry, high solids loading hydrolysis and fermentation processes.

To achieve this goal, a sulphite post-treatment was initially assessed to see if it could
simultaneously enhance both the enzymatic hydrolysis and the fermentation of the whole slurry.
Sulphite post treatment at different temperatures (room temperature and elevated temperatures of
70, 121, 160 °C) and times with a range of chemical loading were evaluated. However, as will be
described later, this process proved problematic since the sulphite post-treatment conditions
which sulfonate lignin (improve cellulose accessibility) are accompanied by sugar degradation
and the carryover of too high a sulphite content in the whole slurry hydrolysis and fermentation
processes.

To try to overcome these problems, an innovative sulphite steam pretreatment approach
was assessed. The goal was to achieve lignin sulphonation ahead of lignin condensation during
pretreatment process, thereby improving the extent of sulphonation while decreasing sulphite
loading. Various sulphite pretreatment at both alkali and acid conditions were assessed. Since
lignin sulphonation prefers alkaline conditions while typical steam pretreatment performs better
in acidic conditions, a two stage sulphite pretreatment using sulphite in the initial stage to
sulphonate the lignin (at alkaline condition) and SO- at second stage to further sulphonate lignin
and open-up the substrates (at acid condition) was evaluated. Various substrate physicochemical

characteristics such as particle size/morphology, lignin and hemicellulose content/location,
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cellulose crystallinity/degree of polymerization/accessibility were also assessed. As will be

described in the thesis, this latter strategy was relatively successful.
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Chapter 2: Materials and Methods

2.1 Biomass
Dissolving pulp used in this research was kindly supplied by Neucel. Inc. Mountain
beetle killed lodgepole pine was kindly provided by Canfor. Inc, with the moisture content of

7%.

2.2 Pretreatment

2.2.1  Acid steam pretreatment

The lodgepole pine wood chips were screened to retain chips between 6 and 38 mm. Prior
to pretreatment, wood chips with 200 g dry weight were impregnated with 4% SO> (wt/wt of the
dry substrate) for around 12 hours at room temperature. The amount of SO, was determined by
weighing the total substrates weight before and after the addition of the gas. Steam pretreatment
was conducted in a 2L StakeTech II batch steam gun (constructed by Stake Tech-Norvall,

Ontario, Canada) at 200 °C for 5 min.

2.2.2 Post treatment
Post-treatment was carried out with minor modification of the conditions used earlier.
Briefly, the treatments were conducted in different equipments according the different

temperature required (160 °C in Parr high pressure batch reactor, 121 °C in the autoclave

machine and 70 °C in a water bath) with the addition of the desired loading of Na;SO3 or NaxSO3
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+ Na2COs based on the dry weight of the substrate for certain amount of time. Post treatment
conducted in Parr reaction at 160 °C was based on 10% solid loading. 25% solid loading of
substrates sealed by aluminum foil in a glass baker was treated in the autoclave machine at 121
°C. Post-treatment conducted in water bath is based on 25% solid loading with 100 Ml volume

reaction bottles at 70 °C.

2.2.3  Sulfite steam pretreatment

Prior to steam pretreatment, 200 g of dry lodgeple pine chips were placed in plastic bags,
mixed with water containing the specified chemicals which consisted of either sodium sulphite
or sodium suphite + sodium carbonate at a solid : liquid ratio of 2:1 and left at 70 °C in water
bath for a certain period of time. For another set of experiment by using acid sulfite prior to
steam pretreatment also follow the same experiments protocol as above. In each case, the chips
that had been impregnated with the chemical solution were steam pretreated in steam gun, as
specified above at 140 °C for certain time ranging from 10mins to 70mins. The chips, and the
liquor resulting from the steam pretreatment were then separated by filtration. If required, the
chips were then subjected to a second steam pretrement at certain temperature and time based on

different experiment design.

2.3 Enzymatic Hydrolysis

The enzymatic hydrolysis was conducted in duplicates. Commercial Ctec-3 preparation

were obtained from Novozymes (Franklinton, NC). The enzyme activity of the Ctec-3 is 71.7
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FPU/mL using Whatman No. 1 filter paper as a substrate and the protein concentration was
277mg/ml. Both dissolving pulp and pretreated Lodgepole Pine substrates enzymatic hydrolysis
were conducted at 50 °C in a rotary shaker or horizontal mixer at 150 rpm. After 2-3 days,
hydrolysis was ceased and liquid fractions obtained by centrifugation or the whole slurry were

used for downstream fermentation.

2.4 Microorganisms and yeast propagation

Four different strains, 6391, 7442, 6469, (Lallemand, Inc. Quebec, Canada) and T»
(Tembec, Inc, Quebec, Canada) were used in this study. All strains were maintained in Glycerin
tube and stored at — 80 °C. For the preculture, 300ul yeast was inoculum in 20 ml of YPD media
in a sterile 50 ml Falcon tube and incubated overnight at 30 °C in a rotary shaker at 150 rpm.
Subsequently all the broth was transferred to a shake flask with 800 mL of YPD media and
incubated until an OD of = 0.8 was reached. The cells were harvested by centrifugation at 5000
rpm at 4 °C. Pellets were washed three times with 0.9% NacCl solution and re-suspended in 0.9%
NacCl solution for inoculation in fermentation trials. The final cell concentration was calculated
based on a standard curve correlating the inoculum’s dry weight and optical density at 600nm.
The final dry weight of the cells was confirmed by overnight drying of the cell culture at 105 °C

(Bura et al., 2001; Ewanick et al., 2007).
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2.5 Media and fermentation

2.5.1 Media and fermentation protocol

The fermentation trials were carried out in 30 ml septic bottles with butyl-PFTE seals,
with a working volume of 10 ml or 20 ml. Before fermentation, the pH of the Lodgepole Pine
hydrolysate or dissolving pulp hydrolysate were adjusted to 5.5 with NH4OH. The reaction
bottles loaded with cultures were incubated in an orbital shaker at 30 °C and 150 rpm. During the
course of fermentation, 400 pl samples were taken at different sample hours. The samples were
centrifuged at 5 000 rpm for 5 min and the supernatant was stored at —80 °C for further analysis.

Final yeast cell densities corresponding to an OD,., of 6.5, 13, 20 and 25 were used in the

600
fermentation experiments. The fermentation profiles of T strain in dissolving pulp and steam
pretreatment liquor at all these cell densities were compared to that of the synthetic glucose
medium. 300 uL samples were taken periodically over 48 h, centrifuged at 10,000 rpm (10621 g
force) for 10 minutes, and the supernatant was immediately stored at — 20 °C until further use.
The aliquots were analyzed for ethanol and sugar concentration profiles and selected samples
were also analyzed for the concentration of inhibitory compounds.

Ethanol yield were expressed as a percentage of the maximum theoretical yield obtained.
The calculation was based on the total amount original fermentable sugars (including glucose
and mannose) present in the liquor. By using a maximum stoichiometric ethanol yield of 0.51 g

per gram of sugar, the percentage of ethanol yield was calculated as:

v _ Pgroy x 100
ELOH ™ g, x 0.51
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where Peton is the total amount of ethanol formed in the fermentation and So is the initial amount
of Ce sugars present in the original liquor. The metabolic yield was calculated as the average
ethanol produced for every gram of consumed sugars. VVolumetric ethanol productivities were
determined based on the exponential phase of the fermentation and is calculated as:

_ Lep ~ G
EtOH t, —t,

where t2 and t; are the initial and final time points of the exponential phase and Ct, and Ct; are

the corresponding ethanol concentrations (% wt) respectively.

2.5.2 Nutrient supplementation of fermentations

In the experiments used to assess the influence of nutrient supplementation, the
fermentation medium was supplemented with a nutrient cocktail containing urea or 1 g/L yeast
extract. Due to the higher sugar concentration of the liquor and a high cell density employed, we
later assessed a higher level of nutrient supplementation using medium containing 10 g/L
(NH4)2HPO4, 10 g/L yeast extract, and 5 g/L MgS0O4.7H.O (Jorgensen et al., 2009). The
nutrients were added prior to the fermentation, the pH adjusted to 5.5 and the resulting liquor
sterilized by filtration. Any improvement in fermentation was evaluated against a fermentation of
the control medium with the same conditions and characteristics, but with no nutrient

supplementation.
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2.5.3 Hybrid hydrolysis and fermentation (HHF) and Separate hydrolysis and
fermentation (SHF)

Prior hydrolysis, the pH of the whole slurry or dissolving pulp substrates with 25%
consistency were adjusted to 5.5 by NH4OH. After that the substrates were subjected to Ctec-3
for hydrolysis with desired protein loading. No other nutrients were added to the slurry. All the
serum bottles containing substrates are incubated in an orbital shaker for prehydrolysis at 50 °C
and 150 rpm for 24 hours. For HHF, after prehydrolysis, yeast was added to each bottle and
fermentation was performed at 37 °C. For the SHF, after hydrolysis, liquid and solid were
separated by centrifuge at 5 000 rpm for 15 min. Time point samples were taken periodically (2h,
4h, 8h, 18h, 24 h, 48 h and 72h), centrifuged at 10,000 rpm for 10 minutes and then the

supernatants were stored at -20 °C.

2.5.4  Sulfite detoxification

Sulfite detoxification was carried out according to Alriksson et al. (2011). Sodium sulfite
(Na2S0s3) (Sigma) was added to the steam pretreatment liquor to a final concentration of 10 mM
and 15 mM. After the addition of the reagent, the pH was adjusted to 5.5 using 50% NaOH. The
samples were then thoroughly mixed by stirring at 150 rpm for 10 min at room temperature (23

°C). The samples were analyzed to assess the concentration of inhibitory compounds.
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2.6 Analytical methods

2.6.1 Sugars

The concentrations of monomeric sugars (arabinose, galactose, glucose, xylose and
mannose) were determined by HPLC analysis (Bura et al., 2001; Sluiter et al., 2004). The HPLC
system (Dionex DX-500, Dionex Corp., Sunnyvale, CA, U.S.) was equipped with an ion
exchange CarboPac PA-1 column (4x250 mm) equilibrated with 1 M NaOH and eluted with
nanopure water at a flow rate of 1 mL/min (Dionex Corp.), an ED40 electrochemical detector
(gold electrode), an AD20 absorbance detector and an auto sampler (Chromatographic
Specialties, Brockville, Canada). Sodium hydroxide (0.2 M) was added post-column (for
detection) at a flow rate of 0.6 mL/min. Prior to injection, samples were filtered through 0.45 um
HV filters (Millipore, MA, U.S.) and a volume of 20 uL sample was loaded. Analytical-grade
standards: L- arabinose, D-galactose, D-glucose, D-xylose and D-mannose (Sigma) were used to
quantify the concentration of sugars in the sample. In addition, L-fucose (Sigma) was used as an

internal standard for the normalisation of HPLC response.

In order to quantify the fraction of oligomeric sugars present in the samples, post-
hydrolysis was performed according to Shevchenko et al. (2000). Duplicate samples containing
27 mL of the water soluble fraction were post-hydrolysed after adding concentrated sulphuric
acid to achieve a final concentration of 3% wi/v acid. The post-hydrolysis was performed by
heating the solution at 121 °C for 1 hour in an autoclave. A batch of sugar standards was also
autoclaved under the same conditions to correct for hydrolysis loss. The monomeric sugars were

quantified by HPLC as described above and the fraction of oligomeric sugars was calculated by
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subtracting the amount of monomeric sugars present in the pretreatment liquid from the total

amount of monomeric sugars present after the post hydrolysis of the same sample.

2.6.2 Ethanol

Ethanol was determined using gas chromatography and a Hewlett Packard 5890 GC
equipped with a HP-Innowax column (15mx0.53mm). Helium was used as the carrier gas at a
flow rate of 20 mL/min. The temperatures of the injection unit and flame ionization detector
(FID) were set at 175 and 250 °C respectively. The oven was heated to 45 °C for 2.5 minutes and
the temperature was raised to 110 °C at a rate of 20 °C/min and later held at 110 °C for 2
minutes. Standards were prepared using ethanol (Sigma) and butanol (0.5 g/L) (Fisher) was used

as an internal standard.

2.6.3 Inhibitors

The sugar degradation products, furfural and 5-hydroxymethyl furfural (HMF) as well as
acetic acid were analyzed using a HPLC (ICS-500) with Aminex HPX-87H column (Bio-Rad,
Hercules, CA). The HPLC has fitted with an AS3500 auto sampler, a UV detector at a
wavelength of 280 nm and a GP40 gradient pump (NREL, 2008). Standard concentration of
HMF (Sigma) ranged from 0.1 - 4.0 g/L, while the concentration of furfural ranged from 0.1 -
2.0 g/L. All of the standards and samples were filtered through a 0.45 pm syringe filter

(Chromatographic Specialties, Brockville, Canada). 5 mM H,SO, was used as an eluent at a flow

rate of 0.6 ml/min.
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The concentration of total phenolics in the pretreated substrates were quantified using
Folin—Ciocalteu reagent (Sigma), as proposed by Singleton and Rossi (1965). A 100 uL aliquot
of the diluted sample was first mixed with 250 pL of the Folin—Ciocalteu reagent. After 5

minutes, the reaction was stopped by adding 750 uL of 20% (w/v) Na,CO, and the total volume

was brought up to 5 mL using nanopure water. The flasks were incubated for 2 hours at 22 °C
with constant stirring on a magnetic stir plate. The absorbance of each reaction was measured
spectrophotometrically at 760 nm. Reaction blanks with nanopure water were also run in
parallel. Calibration was done using vanillin as the standard. The reactions were performed in

duplicate for each sample and the standard and average values were reported.

2.7 Determining pretreated biomass composition

The chemical composition of the pretreated materials was determined according to the
Technical Association of the pulp and paper industry (TAPPI) standard method T222 om-88.
Briefly the samples were first oven dried at 101 °C and milled using a Wiley mill to < 40 mesh
particle size and again dried in the oven prior to analysis. 0.2-0.3 g of the sample was weighted
(with actual weight recorded) in Klason cups and 3 mL of 72% sulfuric acid was slowly added
and the resulting paste was stirred every 10 minutes to reduce the viscosity and ensure the
dissolution of the entire carbohydrates. After 2 hours, the reaction mixture was diluted with
nonopure water to a final acid concentration of 3% in a septa bottle, which was sealed and
autoclaved at 121 °C for 1 hour. After the autoclave, the samples were cooled to room solid

(lignin) and the liquid fraction containing the carbohydrate components. Monomeric sugars
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present in the hydrolysate were measured on a Dionex (Sunnyvale, CA) HPLC as described in
section 2.6. The hydrolysate from this analysis was also analyzed for soluble lignin by reading
the absorbance at 205 nm (Dence, 1992). The residual lignin in the glass filter was washed
extensively to remove any remaining acids by passing 250 Ml of nonopure water under vacuum.
The weight of the lignin was determined gravimetrically by drying the washed lignin at 101 °C in

a hot air oven overnight.

2.8 Substrates characterization

2.8.1 Water retention value (WRV)

The fiber swelling property could be measured by the water retention value which was
initially developed by the Technical Association of the Pulp and Paper Industry. Briefly, 0.5-1.0
g (based on oven dried weight) of never-dried substrates was suspended in 50 ml nanopure water
and shake strongly in order to break the pulp apart. After that, the suspended pulp was soaked
overnight at room temperature followed by filtration with a 200 mesh screen in a falcon tube. To
avoid the loss of fines, the filtrates were recirculated three times and the resulting pulp pads
centrifuged at 900 g for 30 mins. The wet (centrifuged) pulp pads were weighted, dried overnight
at 105 degrees and reweighted. The Water Retention Values (WRVSs) were calculated as the
weight of water retained in the pulp pad after centrifugation divided by the dry weight of the

fibers according to the following equation:
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wry = Yo~ W)

d
Where Ww is the weight of the wet sample after centrifuging, and Wjq is that of the dried sample.
To determine the effect of residual lignin on the (fiber) swelling of hybrid poplar and lodgepole
pine pretreated at varying severities, the substrates were subjected to sodium chlorite-mediated
delignification as described in section 2.8 followed by determination of the WRV. All WRV

measurements were performed in triplicate.

2.8.2 Simon’s stain

Simons’ Stain (SS) was used to evaluate the surface area of cellulosic material, thereby
assessing the cellulose accessibility to cellulases. It was initially derived from a staining
technique used in the pulp and paper industry to examine changes in the physical structure of
pulp fibers. Here, cellulose accessibility to cellulases was estimated by Simons’ stain according
to the procedure modified by Chandra (R. Chandra, Ewanick, & Saddler et al., 2008). Briefly,
direct orange was obtained from Pylam Products Co. Inc. Fractionation of the orange dye was
performed according to Esteghlalian (Esteghlalian, Bilodeau, & Saddler et al., 2001). For each
substrate, approximately 100 mg of never dried pulp samples were weighed into six 1 mL
polypropylene centrifuge tubes, each tube received 1.0 mL of phosphate buffered saline solution
at pH 6. The DO solution (10 mg/mL) was added in a series of increasing volumes (0.25, 0.5,
0.75, 1.0, 1.5 and 2.0 mL) to the six tubes containing pulp sample and PBS. Distilled water was

added to increase the final volume of the samples to 10.0 mL. The tubes were then incubated

overnight at 70 degree with shaking at 200 rpm. After the incubation period, the tubes were
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centrifuged at 5000 rpm for 5 min, and a sample to the supernatant was placed in a cuvette and
the absorbance read on a carry 50 UV-Vis spectrophotometer at 624 and 455 nm. The amount of
dye adsorbed onto the fiber was determined using the difference in the according to the Beer-
Lambert law. The extinction coefficients were calculated by preparing standard curves of each

dye and measuring the slope of their absorbance at 455 and 624 nm. The values calculated and

. . . 1 -
used in this thesis were eOg55 = 35.62, eéBg55 = 2.59, €éOg24= 0.19, eéBg24=15.62 (L g =~ cm

1).

2.8.3  Fiber quality analysis

Fiber length, width and size distribution of the substrates was measured using a Fiber
Quality Analyzer. Briefly, a dilute suspension of fibers with a fiber frequency of 25-40 events
per second was transported through a sheath flow cell where the fiber are oriented and
positioned. The images of the fibers were detected by a built-in CCD camera, and the length of
the fibers was measured by circular polarized light. The experiments were conducted according
to the procedure described by Robertson et al (Robertson, Olson, & Seth et al.,1999). All

samples were run in triplicate.

2.8.4 Degree of polymerization
To determine the degree of polymerization, the pretreated substrates were carefully

dignified as described on section 2.3. The viscosity of substrate solutions containing 0.06%,
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0.1%, 0.125%, and 0.5% (w/v) delignified substrates in 0.5 M cupriethylenediamine was
measured on a capillary viscometer (Cannon Ubbelohde Viscometer, Cannon Instrument Co.,
State College, PA) according to the guidelines found in TAPPI standard method T230 om-99.
The specific viscosity of the substrate solutions was determined according to the following

equation:

(nc T 770)
nsp =
o

where 1 is the viscosity of the sample at concentration ¢ and ng is the viscosity of the solvent.
The intrinsic viscosity (njnt) of each substrate was calculated by extrapolating a plot of nsp/c asa

function of ¢ to ¢ = 0 as described by Lapierre et al, (Lapierre, Bouchard, & Berry, 2009). The

viscosity average cellulose degree of polymerization (DPy,) was calculated from the intrinsic

viscosity by the following equation (Robertson et al., 1999):

DPv = (1.657,, )"

where njnt IS the intrinsic viscosity of the substrate. All viscosity measurements were performed

in triplicate.
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2.8.5 Acid group

Bulk acid groups in the pretreated and post-treated substrates were determined by
conductometric titration according to standard methods reported elsewhere. In brief, wet
substrates containing 1 g dry matter were added to 300ml of 0.1 N HCI and stirred for 1hour. The
pulp was then filtered and washed with 2000 ml of deionised water. The washed pulp was then
treated with 0.001 M NaCl (250ml) and 0.1 N HCI solutions (1.5ml), stirred and
conductometrically titration data (colume of NaOH vs. conductivity). Initially, conductometric
titration curves indicate a rapid decrease in conductivity which represents the neutralization of
strong acid groups. The first equivalence point (intersection of the graph) represents weaker
carboxylic acids beginning to dissociate, and the second equivalence point (intersection)

represents increases in conductivity due to excess NaOH.

2.8.6 SEM imaging
Lyophilized biomass samples were mounted on aluminum SEM stubs using double sided
tape and sputter-coated with 10nm Au/Pd (80:20 mix) then imaged on a Hitachi S-2600 VP-SEM

(Tokyo, Japan).

2.8.7 FTIR
To investigate and quantify the chemical groups in the pretreated substrates, a FTIR

system (Varian 3100, Varian Inc. Palo Alto, CA) with MIRacle Accessory (Pike technologies,
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Madison, WI) was used and id-IR spectra were obtained by averaging 128 scans from 4000 to

600 cm™ at a spectral resolution of 4 cm™.
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Chapter 3: Results and Discussion

3.1 Assessing the challenges of having high residual lignin and fermentation inhibitors in

steam pretreated softwood whole slurries.

3.1.1 Background

It is well known that increasing the concentration of sugars and thus ethanol during a
biomass to ethanol process would result in considerable savings in energy and water
consumption (M.R. Ladisch et al., 1983; Huang & Percival Zhang, 2011). “High gravity”
fermentation which involves using sugar concentrations of greater than 20% has been used for
first generation ethanol to obtain ethanol concentrations of close to 10% (w/v). However, the
complex nature of lignocellulosic substrates compared to starch/sugar and the multiple
challenges encountered by both the cellulolytic enzymes and the fermentative yeasts limits the
sugar/ethanol concentrations achievable. Therefore, the highest sugar concentrations reported for
lignocellulosic substrates usually are in the range of 10% with the resulting ethanol
concentrations of approximately 4% ethanol after fermentation (Ohgren, Bura, Lesnicki, Saddler,
& Zacchi, 2007; Z.-H. Liu, Li, & Yuan, 2014; Lan, Gleisner, Zhu, Dien, & Hector, 2013;
Alriksson et al., 2011; Xiros & Olsson, 2014). Therefore, main objective of the proposed work in
this chapter will be to assess the challenges associated when attempting to achieve 18-20%
fermentable sugars and 8-9% ethanol in a relatively short period of time (2-3 days) when
processing steam pretreated softwoods as substrates.

As mentioned above, the relatively high proportion of Cs sugars in the hemicellulose

component of softwoods is one advantage of processing softwoods. However, softwoods are
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particularly recalcitrant when trying to achieve high ethanol concentrations due to both enzyme
and fermentation related factors, especially when attempting to process whole slurries
(WSF+WIF). These challenges include the high lignin content of softwoods, end product (sugar)
inhibition resulting from high substrate loading and inhibition of fermentation (Kristensen et al.,
2009). These main challenges will be investigated in this chapter.

The initial enzymatic hydrolysis will be performed on the whole slurries (WSF+WIF)
with different enzyme loadings to obtain a baseline hydrolysis at a 25% solids loading. To
determine the effect of the WSF on the enzymatic hydrolysis process, a model cellulose
substrate, dissolving pulp, which is composed of over 95% cellulose will be hydrolyzed when
combined with the WSF. To determine the effect of the non-sugar inhibitors (phenols, organic
acids, furans) dissolving pulp will be hydrolyzed in buffer containing the same concentration of
sugars that are found in the WSF. This will also enable the assessment of the effects of the sugars
in the WSF on enzymatic hydrolysis of the dissolving pulp when compared to the hydrolysis of
the dissolving pulp in buffer alone.

To improve ethanol yields in the presence of the anticipated high amounts of inhibitors,
several yeast strains will be tested, including Saccharomyces cerevisiae strains 6391(Lallemand
strain for sugarcane industry), 7442(Lallemand strain for starch bioethanol industry),
6469(Lallemand strain for starch bioethanol industry) and T» (Tembec strain for lignocellulosic
bioethanol research). The T, yeast is of particular interest since it was isolated from the
fermentation of spent sulfite liquor which contains significant amounts of degraded sugars and
lignosulfonates(Kapu et al., 2013).

High cell density fermentation has been commonly applied in high gravity fermentation

because of its boosting effect on ethanol productivity(E. Palmqvist, 1998). Therefore, to test the
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effects of cell density, the yeast strains will be applied at densities ranging from OD 3.25 - OD
25, using the WIF derived from steam pretreated lodgepole pine supplemented with model
glucose media and a model lignocellulsic DsP hydrolyzate as control. This will be used to
determine the optimum cell density needed to ferment the steam pretreated softwood substrates.
In addition to high cell density, additional nutrient supplementation was also shown to improve
yeast stress tolerance in the presence of high inhibitor concentrations, high sugars, and high
ethanol multi-stress conditions(Xiros & Olsson, 2014). Therefore, the effect of supplementing
with various nutrients will be assessed using pure glucose media, dissolving pulp hydrolysate
and a steam pretreated lodgepole pine hydrolysate. It was anticipated that the evaluation of these
main factors that are expected to influence the hydrolysis and fermentation of whole-slurries of
recalcitrant steam pretreated lodgepole pine, would allow for the development of strategies to

improve the performance in subsequent Chapters of the thesis.

3.1.2 Results and Discussion

There were several substrates utilized in this chapter which are summarized in Table 1.
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Table 1 Summary of substrates that were utilized in this chapter.

Substrates Explanation

Media composed of glucose and various of nutrients (yeast
Synthetic glucose media
extract, urea and mineral salts)

Liquid fraction of Supernatant generated from the centrifugation of the slurry after
dissolving pulp the enzymatic hydrolysis of the dissolving pulp substrate
hydrolysates (removal of residual solid substrate particles after hydrolysis)

Combined water soluble fraction (WSF) and water insoluble
Whole slurry fraction (WIF) generated from the steam pretreatment of

softwood biomass

The hydrolysis of the combined water soluble fraction (WSF)
Whole slurry and water insoluble fraction (WIF) generated from the steam
hydrolysates pretreatment of softwood biomass (includes both residual solids

and the liquid after hydrolysis)

Supernatant generated from the centrifugation of the residual
Liquid fraction of steam

slurry at the conclusion of the enzymatic hydrolysis of the whole
pretreated softwood

slurry (removal of residual solid substrate particles after

whole slurry hydrolysate
hydrolysis)

Note: In 1.1 and 1.2 sections of this chapter, the liquid fraction of the centrifuged whole slurry
hydrolysis of the steam pretreated lodgepole pine was selected as the substrate with the
dissolving pulp hydrolysate and synthetic sugar media as controls. In section, 1.3 the whole
slurry is used which includes both the solid water insoluble fraction and water soluble fractions
that result from steam pretreatment.
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3.1.2.1 Hydrolysis of dissolving pulp and whole slurries from steam pretreated softwood
over a range of solids and enzyme loadings.

As described above, whole slurry high solids loading hydrolysis is necessary if we are to
obtain high sugar concentrations for fermentation. However, increasing solids loadings typically
requires higher enzyme loadings due to inefficient mass transfer, increased end-product
inhibition and unproductive enzyme binding to lignin. Therefore, the minimum enzyme loading
based on a range of substrate solids loading (2%, 10%, 20%) was initially assessed. Dissolving
pulp was selected as the model substrate since it contains >95% cellulose. It was apparent that
when hydrolyzing dissolving pulp at a 2% solid loading, a hydrolysis yield of 90% could be
achieved using 15 mg enzyme loading per gram cellulose. However, when the substrate loading
was increased to 10%, the hydrolysis yield decreased to 80%. As well as a lower hydrolysis
yield, the required enzyme loading to achieve this yield also increased to 20 mg enzyme per
gram cellulose (Figure. 7). These results indicate, that even for the case of pure cellulose such as
dissolving pulp, raising the solids loading reduces the hydrolysis yield and increases the required
enzyme protein dosage. When the solids loading was increased to 20%, the highest hydrolysis
yield that was obtained was 62%, regardless of the enzyme dosage used. These results illustrate
the detrimental effects of increased substrate solids loading on hydrolysis, including inefficient
mixing and end-product inhibition. The effects of performing enzymatic hydrolysis at elevated
solids loadings are even more pronounced when attempting to hydrolyze lignocellulosic
substrates, where non-cellulosic components such as lignin and hemicellulose as well as the
overall cellulose accessibility of the substrate play a significant role. End product inhibition has

been shown to be a major contributor towards the poor performance of hydrolytic enzymes at
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high solids loadings(Kadic & Liden, 2017)(Hsieh, Felby, & Thygesen et al., 2014). It was
evident, that increasing the solid loading during hydrolysis resulted in a higher, final glucose
concentration which likely inhibited the activity of enzymes through end product inhibition
(Figure 8).

Visually, another phenomenon that was observed was that when the solids loading during
hydrolysis was increased, the required time for liquefaction was increased. At a 10% solid
loading, the time required for liquefaction was close to 12 hours. However, the observed time for
liquefaction doubled when the solids loading was increased to 20%. Liquefaction has been
shown to be an essential step in high solid loading hydrolysis which is directly related with the

final hydrolysis yield(van der Zwan, Hu, & Saddler, 2017).

68



100

f =] [=-]
= = =

Glucose concentration (g/L)
(]
=

2% solid loading

—=—5 mg enzyme / g cellulose

—=— 10 mg enzyme / g cellulose
15 mg enzyme / g cellulose

—+— 20 mg enzyme / g cellulose

100 10% solid loading

80 |

60 |

40 I —e—5 mg enzyme / g cellulose

—— 10 mg enzyme / g cellulose

Glucose concentratin (g/L)

20 t 15 mg enzyme / g cellulose
—e—20 mg enzyme / g cellulose
1 1 1 1 |} i I L L i N
20 40 60 80 100 0 20 40 60 80 100
Time (h) Time (h)
20% solid loading
- 200
% 160
=
2
£ 120 =
=
@
o
g 80 | 10
b5 —+— 10 mg enzyme / g cellulose
—s— 20 mg enzyme / g cellulose
E 40 30 mg enzyme / g cellulose
G —s— 40 mg enzyme / g cellulose
l} L L L J

40 60 80 100
Time (h)

Figure 7 Glucose concentration of the enzymatic hydrolysis of dissolving pulp (DsP) with

various substrates loading (2%, 10%, and 20% w/w) at different Ctec-3 enzyme loadings (5-40

mg protein per g cellulose).
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Figure 8 Enzymatic hydrolysis of dissolving pulp (DsP) with various substrates loading (2%,
10%, and 20% w/w) at different Ctec-3 enzyme loadings (5-40 mg protein per g cellulose).

After testing the hydrolysis of the dissolving pulp (DsP), the enzyme loading for the
steam pretreated softwood whole slurry was assessed using dissolving pulp as a control. A range
of different enzyme loadings were selected with the aim of achieving a target of 70% cellulose
hydrolysis (Figure. 9). It was apparent that the DsP substrate could not reach a hydrolysis yield
of 70% regardless of the amount of enzyme that was added, while the steam pretreated substrate
could reach a hydrolysis yield of approximately 80%, but required an enzyme loading of 180 mg
/g of glucan (Figure 9A). These results illustrated the effects of end product inhibition in the case
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of the DsP substrate which contained >94% cellulose, where end product inhibition likely did not
allow for the hydrolysis to surpass a 65% conversion at a 25% solids loading. It should be noted
that although the steam pretreated substrate could reach a conversion of 80%, albeit at a protein
loading of 90 mg/g glucan, the resulting glucose concentration was only 137 g/L (Figure 9B).
The result with the SPLP was quite different than that of the hydrolysis of the DsP where a sugar
concentration 167 g/L was obtained at a conversion of only 66% (Figure 9 A and B). However,
as will be discussed below, when considering the total hexoses in the “whole slurry” (WSF +
WIF) after this enzymatic hydrolysis the total hexose concentration reaches approximately 160
g/L, similar to that of the DsP substrate (Table 2). These results illustrate the necessity to use the

whole slurry (WSF + WIF) for the SPLP substrate rather than just the WIF.
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Figure 9 Enzymatic hydrolysis of Dissolving pulp (DsP) and whole-slurry steam pretreated
Lodgepole pine (SPLP) with 25% (w/w) solid loading at different Ctec-3 enzyme loadings (15-

90 mg protein per g cellulose) for 48 h. (A) Percentage of cellulose to glucose conversion (%)

and (B) Glucose concentration (g/L).
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Figure 10 The effects of steam pretreated Lodgepole pine water soluble fraction (WSF) on the
enzymatic hydrolysis of its water insoluble fraction (WIF) and dissolving pulp (DsP) substrates
with 25% (w/w) solid loading at Ctec-3 loading of 50 mg protein per g cellulose for 72 h.

It was apparent that a higher enzyme loading was needed for the hydrolysis of the whole
slurry SPLP compared with DsP to obtain an equivalent sugar concentration, which suggested
that the high residual lignin in SPLP would physically and chemically inhibit enzymatic
hydrolysis (Figure. 9 A). As mentioned above, another aim in the initial work was to assess the
magnitude of the effects of the different factors such as end product inhibition, water soluble
compounds in the WSF and high residual lignin to figure out which factor had the most
influential role in affecting enzymatic hydrolysis. Different hydrolysis model systems were set
up to demonstrate individual inhibitory effects (Figure 10). The enzymatic hydrolysis of
dissolving pulp with buffer was used as a control. The influence of high residual lignin on
hydrolysis was assessed using the hydrolysis of the water insoluble fraction (WIF) from the

SPLP in buffer (Figure 10). Two other sources of potential inhibition of the enzymatic hydrolysis
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include the presence of water soluble inhibitors and end product inhibition. These were assessed
by performing the hydrolysis of the dissolving pulp with the water soluble fraction from the
stream pretreatment and performing the hydrolysis of dissolving pulp in a solution containing the
same sugar composition as the water soluble stream after steam pretreatment (Kim, Ximenes, &
Ladisch et al., 2011)(Zhai et al., 2016). As expected, the dissolving pulp hydrolysis in buffer
resulted in the highest sugar concentration while both the water soluble fraction and the whole
slurry enzymatic hydrolysis gave much less sugar production. Among all of the inhibitory
effects, it was apparent that the high residual lignin or limited accessibility of the steam
pretreated softwood substrate, was the most significant limitation towards obtaining high sugar
concentrations. For example, the addition of the steam pretreated WSF to the steam pretreated

WIF had a similar result to the just using the WIF alone.

3.1.2.2  Testing the fermentability of the liquid fraction of the steam pretreated softwood
whole slurry hydrolysates.

Prior to fermentation, the composition of the hydrolysates (supernatant from centrifuged
hydrolysis reaction) from the enzymatic hydrolysis of the whole slurry of the SPLP at an enzyme
loading of 100 mg/g and DsP at 35 mg/g were analyzed (Table 2). Since the DsP substrate was
rich in cellulose, the DsP hydrolysate contained mostly glucose. In the case of the SPLP
hydrolysate, with the exception of glucose monomers and oligomers, there were some mannose
monomers and oligomers since mannan comprises a large proportion of softwood hemicellulose.
The SPLP hydrolysates also contained significant amounts of inhibitors, surpassing the levels
observed in previous studies (Alriksson et al., 2011; Cavka & Jonsson, 2013; Chandel et al.,

2011; Xiros & Olsson, 2014). Therefore, as an initial strategy to contend with likely fermentation
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inhibitors, the fermentation conditions were assessed by strain selection, nutrient
supplementation, and cell density using the SPLP whole slurry hydrolysate fraction from the

enzymatic hydrolysis as the substrate.

Table 2 The major soluble components of Dissolving pulp (DsP) and steam pretreated
Lodgepole  pine (SPLP) whole-slurry hydrolysates after 48 h enzymatic hydrolysis with Ctec-3

at an enzyme loading of 45 mg protein per g cellulose and 100 mg protein per g cellulose.

Components DsP hydrolysate (g/L) SPLP hydrolysate (g/L)
Glucose 171 135
Mannose 3 19
Cellooligomers 20 20
Mannoligomers 2.8 9
Acetic acid - 9.2
Furfural - 2.8
HMF - 3.0
Total phenolics - 4.9

It was anticipated that the pretreatment process will play an influential role in affecting
the ease of hydrolysis and fermentation of the softwood substrate. However, the fermentation
conditions also require some optimization for processing the toxic streams generated from
pretreated softwood substrates in order to relieve likely end product inhibition toward cellulases
during SSF and to ultimately maximize fermentation yields. After enzymatic hydrolysis at a high

solids loadings (25%), the resulting hydrolysates were fermented using various Saccharomyces
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yeasts strains including 6391(Lallemand strain used in the sugarcane industry), 7442 (Lallemand
strain used in the starch bioethanol industry), 6469 (Lallemand strain used in the starch
bioethanol industry) and T2 (Tembec strain used for lignocellulosic bioethanol research) to
determine which yeast would provide the most robust choice for at least partially overcoming the
effects of fermentation inhibitors present in the steam pretreated softwood substrate (Figure 11).
Subsequent work assessed the effects of nutrient supplementation, increasing cell density during
fermentation and detoxification of the hydrolysate using sodium sulphite to further increase the
ability of the yeasts to withstand the inhibitory nature of the steam pretreated softwood slurries
toward fermentation. After testing the initial ease of fermentation, we assessed the influence of
various pretreatment strategies by incorporating sulphonation. Of the yeast strains tested, T is of
particular interest as the fermentation of a spent sulphite liquor is the closest example to the
fermentation of an actual lignocellulosic water soluble stream. It was apparent that the
performance of these four strains were quite similar in synthetic sugar media as well as the DsP
hydrolysate (Figure 11 A and B). However, the differences between the strains became apparent
during the fermentation of the SPLP hydrolysate. As was anticipated, the T» strain exhibited the
highest ethanol productivity of 5.2 g/L h in the SPLP hydrolysate, while the least effective strain
was 6391 which had an ethanol productivity of 2.3 g/L h (Table 3). Therefore, in subsequent
experiments, strain 6469 was selected to be used for fermenting the synthetic sugar media and
the DsP hydrolysate, while T> was employed as the model strain for the SPLP hydrolysate when

testing the effects of nutrient supplementation on fermentation performance.
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Figure 11 Ethanol production profile after growth of S. cerevisiae strains 6391, 7442, 6369 and
T> on (A) synthetic sugar media, (B) Dissolving pulp (DsP) hydrolysate, and (C) the
hemicellulose rich water soluble fraction of steam pretreated lodgepole pine whole slurry

hydrolysate.
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Table 3 Ethanol productivity and yield after growth of S. cerevisiae strains 6391, 7442, 6369 and
T in synthetic sugar media, dissolving pulp hydrolysate and the hemicellulose rich water soluble

fraction of steam pretreated lodgepole pine whole slurry hydrolysate (SPLP).

Real lignocellulosic

Synthetic glucose media Dissolving pulp
hydrolysate
Strains
Productivity Yield Productivity Yield Productivity  Yield
(9/L h) (%) (9/L h) (%) (9/L h) (%)

6391 7.16 87.3% 54 86% 2.3 62.6%
7442 5.8 86.3% 3.37 86.9% 2.7 78.6%
6469 7.6 86% 6.6 89.4% 3.8 77.3%
T 8.1 88% 55 93.1% 52 90.8%

Nutrient supplementation such as adding yeast extract, magnesium (Mg), phosphorus (P)
has been previously shown to aid yeast in overcoming the inhibitory effects when fermenting
highly toxic lignocellulosic substrates(Jargensen, 2009; Claesson, 2011). Based on this concept,
nutrient supplementation was assessed based on three types of media (synthetic sugar media,
DsP hydrolysate, and SPLP hydrolysate). Yeast extract plus Mg, P was tested because it was
reported to be an effective nutrient supplement for lignocellulosic bioethanol production
(Claesson, 2011; Jgrgensen, 2009). In addition to yeast extract, urea was also tested since it is
more industrially relevant compared to yeast extract. The results show that in glucose media,
varying the nutrient supplementation influenced the performance of strain 6469 to the greatest

extent (Figure 12 A). When comparing yeast extract with Mg, P, urea, and urea plus yeast
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nutrient base, yeast extract with Mg, P provided the best performance in synthetic sugar media,
followed by urea with yeast nutrient base. Overall, in all cases where the synthetic sugar media
was supplemented with nutrients, the fermentation performance surpassed that of the synthetic
sugar media without nutrient supplementation. However, unlike the synthetic sugar media, the
difference between the fermentation performances with and without nutrients was not as obvious
in the dissolving pulp and steam pretreated LPP hydrolysates (Figure 12 B-C). One potential
explanation of the results may be that the presence of chemical components in the hydrolysate
act as nutrients (wood extractives, impurities in the enzyme cocktail, etc.). It also might be
possible that some nutrients such as amino acids and surfactants that are present in the enzyme
cocktail may be responsible for the remarkable fermentability of the DsP hydrolysate in the
absence of added nutrients. This is discussed later in greater detail. Nutrient sources may also be

liberated from the biomass during pretreatment.
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Figure 12 The influence of nutrient supplementation on the ethanol production profile of yeast
strain 6469 in (A) synthetic sugar media and (B) Dissolving pulp (DsP) hydrolysate, and strain
T2 (C) on the hemicellulose rich water soluble fraction of steam pretreated lodgepole pine whole

slurry hydrolysate.

As discussed above, the dissolving pulp hydrolysate was used as a “model” substrate as it
consisted of relatively pure cellulose. However, when compared to the fermentation of synthetic
sugar media, the dissolving pulp based hydrolysate still contained additional components from
the enzymatic hydrolysis including enzymes, buffer and gluconic acid (by-product of
hydrolysis). Therefore, the influence of each of these components on fermentation was tested in
synthetic sugar media. Upon testing each potential component present in the dissolving pulp

derived hydrolysate, the addition of the enzyme cocktail Ctec-3 was found to boost the ethanol
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titer from 65 g/L to 82 g/L (Figure 13 A) even in the presence of nutrients added to the media.
To eliminate the possibility of additional sugars being contributed by the enzyme cocktail, the
sugar content of Ctec-3 was tested. However, the sugar concentration after dilution of the
enzyme was only 0.5 g/L. Thus it was evident that the low level of sugar in the enzyme
preparation likely could not induce an extra 17 g/L of ethanol production during fermentation of
the synthetic sugar media. A range of different enzyme loadings from 5 mg enzyme / g pulp to
70 mg enzyme / g pulp were tested to determine if the effect of the enzyme addition could be
amplified. It was shown that the beneficial effect of enzyme addition was apparent up to an
enzyme loading of 30 mg/g cellulose (Figure 13 B). The effects of adding Ctec-3 to the
fermentation of pure sugars was compared to another cellulase enzyme cocktail, Celluclast and
the fermentation did not seem to improve to the same extent as that which was observed with
CTec-3.

It was unclear whether the enhancement of the hydrolysis provided by the CTec-3
cocktail was due to the buffer or the enzyme protein components of the cocktail. Therefore, the
enzyme cocktail was separated using an FPLC to yield an enzyme/protein rich component and a
buffer/media fraction from the enzyme preparation as provided by the manufacturer
(Novozymes). These two fractions were compared for their ability to aid fermentation. It was
apparent that the enzyme protein rich fraction from the FPLC had a limited effect on
fermentation but the buffer/media fraction provided an enhancement during the fermentation of
the synthetic sugar media (Figure 13 C). Based on the results, the inclusion of the enzyme
preparation during fermentation which is the case during the simultaneous scarification and
fermentation process would be beneficial in both relieving end product inhibition as well as

boosting the ethanol production in fermentation.
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Figure 13 The potential effects of various enzymatic hydrolysis related factors on the ethanol
production profile of strain 6469 in synthetic sugar media. (A) The influences of Ctec-3 enzyme
preparation, hydrolysis buffer (acetate buffer vs. citrate buffer), and by-product gluconic acid,;
(B) the influence of various amount of Ctec-3 enzyme addition; and (C) the influence of the

protein/non-protein fractions of Ctec-3 and Celluclast enzyme preparations.

As well as the dissolving pulp hydrolysate, the steam pretreated LPP hydrolysate liquid
fraction also fermented without the addition of nutrients which could be due to the factors
discussed above and/or the relatively higher cell density that was employed during the
fermentation. A high cell density may have also helped overcome the inhibitors that were present
in the hydrolysate such that the addition of extra nutrients did not enhance the fermentation any

further. In previous studies, cell densities of approximately less than OD 5 (Albers & Larsson,
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2009; Almeida, Modig, & Petersson, 2007; Bjorn, 2006; Cavka, Alriksson, Ahnlund, & Jonsson,
2011; X. Guo, Cavka, Jonsson, & Hong, 2013; Z. Guo & Olsson, 2014) were used. As these
were below the OD of 13 employed in the work presented here, the effects of cell density were

investigated in greater detail.
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Figure 14 The influence of various yeast concentrations (cell optical density: OD) on the ethanol
production profile of strain 6469 in (A) synthetic sugar media and (B) Dissolving pulp (DsP)
hydrolysate, and strain T> (C) on the hemicellulose rich water soluble fraction of steam

pretreated lodgepole pine whole slurry hydrolysate.

As described previously (Kapu et al., 2013), increasing cell density can help improve

ethanol productivity as well as aiding the yeast to better overcome inhibitors present in pretreated
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lignocellulosic substrates. Therefore a range of cell densities were tested on the same set of
media described earlier (synthetic sugar media, DsP hydrolysate and steam pretreated LPP
hydrolysate). Ethanol productivity was improved in all of the three media when increasing cell
density (Figure 14). However, increasing cell density past OD 20 did not provide any further
improvements. It was apparent that at all of the cell densities used (from OD 6.5 to OD 25) the
fermentation of the steam pretreated LPP hydrolysate resulted in the worst performance
compared to model glucose media or the DsP hydrolysate (Table 4). This was likely due to the
presence of high levels of inhibitors (Table 2). However, with increasing cell density, the
differences among the productivities based on these three media narrowed (Table 4). Therefore,
it was apparent that, with increasing cell density, this can help partially improve the tolerance to
high levels of inhibitors in steam pretreated softwood hydrolysates.

Table 4 Ethanol productivity of various yeast concentrations when; strain 6469 was grown in
synthetic sugar media and Dissolving pulp (DsP) hydrolysate and; strain T in the liquid fraction
of steam pretreated Lodgepole pine whole-slurry hydrolysate (SPLP) with nutrient

supplementation.

Synthetic glucose media DsP hydrolysate SPLP hydrolysate
Different OD
(g/L. h) (g/L. h) (g/L. h)
6.5 7.5 6.3 5.37
13 10.5 9.7 7.7
20 12.8 11.9 10.1
25 14.3 12.8 13

Note: all the samples were taken after 4 hrs of fermentation time except for the productivity of

OD 6.5 in steam pretreated hydrolysate. This was calculated based on 8 hrs fermentation.
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Figure 15 Ethanol production profile after growth of S. cerevisiae strains 6391, 7442, 6369 and

T in high concentration synthetic sugar media of 250 g glucose per liter.

One technological approach that has significantly improved industrial ethanol production
is the use of very high gravity (VHG) fermentation. Numerous advantages exist through the use
of VHG technology including increased ethanol concentration, reduced bacterial contamination
and decreased process operating costs. However, it is also recognized that, excessively high
sugar concentrations can also stress Saccharomyces cerevisiae, limiting ethanol production
(Kayikci & Nielsen, 2015). Therefore, the influence of very high gravity fermentation on the
different types of strains was assessed using an initial sugar concentration of 250 g/L (Figure 15).
In order to deal with the stress induced by high sugar concentrations, very high cell densities
(OD 13) were used in the work reported here. It was apparent that the four strains exhibited a
similar profile in terms of final ethanol titer using high gravity fermentation and each strain

could produce 100-108 g/L ethanol in 24 hours. The T» strain was the most effective performer,
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yielding 8.5 g/ L. h of ethanol compared to lowest yield of 6.25 g/ for the case of strain 6391

(Figure 15).

3.1.2.3 Comparing fermentation performance in the whole slurry hydrolysate (HHF) to
the liquid fraction of whole slurry hydrolysate.

As has been reported, fermentation factors such the type of yeast strain, nutrient
supplementation, and different cell densities were assessed using the liquid streams of the whole
slurry hydrolysate from steam pretreated lodgepole pine and dissolving pulp. However, the likely
scenario for commercial cellulosic ethanol production will be through using the whole slurry that
includes the water soluble and residual water insoluble substrate either as part of a simultaneous
scarification and fermentation (SSF) or so-called hybrid hydrolysis and fermentation (HHF)
configuration. Therefore, a whole slurry hydrolysis and fermentation approach was assessed
using an optimized enzyme loading (35 mg/g cellulose, 25% solids) and the fermentation
conditions (T2 yeast, OD 6.5, 13 high cell density) in a HHF process. Interestingly it was found
that when the solid substrate particles were included in the hydrolysate (whole slurry
hydrolysate) at the 25% solids loading, the sugars in the whole slurry hydrolysate could not be
fermented at all. However, the liquid fraction of the whole slurry hydrolysates which contains
most of the water soluble inhibitors was shown to be readily fermented (Figure 16). The main
difference between these two kinds of media (whole slurry hydrolysate vs. the liquid fraction of
whole slurry hydrolysate) was that the whole slurry hydrolysate contained both the water soluble
and water insoluble fractions, while the liquid stream of the whole slurry hydrolysate just
contained the water soluble fraction. It was evident that the water insoluble fraction contained

some inhibitory material that was affecting the fermenting yeast.
86



100 —8—0D13 Hydrolysate liquid
——-0D6.5 hydrolysate liguid
80 0D13 whole slurry
—+—0D6.5 whole slurry

60

Ethanol titer (g/L)

Time (h)

Figure 16 The influence of different yeast concentrations (cell optical density: OD) on the
ethanol production profile of strain T2 grown on steam pretreated lodgepole pine whole slurry

hydrolysate with/without the removal of solid hydrolysis residues.

As the water insoluble fraction contains unhydrolyzed polysaccharides and lignin
particles which might interact with yeast, the water insoluble fraction was separated from the
whole slurry using centrifugation and washed 5 times with water prior to being added to the
synthetic sugar media for fermentation. The fermentation of the synthetic sugar media containing
the washed water insoluble fraction achieved 67.8% ethanol yield which was much higher
compared to that of the whole slurry fermentation process (very weak fermentation was
observed). However, it was still not as good as the fermentiablity of the synthetic sugar media
which could achieve an 87% ethanol yield. This suggested that the poor performance of the yeast
in the whole slurry hydrolysates was due to the synergistic stress from both the water soluble

fraction and the water insoluble fraction. This also suggests that, at high solids, the softwood
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derived water insoluble fraction of the whole slurry hydrolysate is also inhibitory. Although it
has been shown that whole slurries from acidic steam pretreated biomass could be readily
fermented, these studies were mostly performed at much lower solids loadings of <15%(Kim et
al., 2008; L. Wang, Templer, & Murphy, 2012; Modenbach & Nokes, 2013). Many of these
previous studies have also been performed on pretreated agricultural and hardwood biomass
rather than the pretreated softwood that was used in this study(Tomé&s-Pej6, Ballesteros, &
Olsson, 2008; Hu, Chandra, et al., 2015; Zhang, Qin, & Saddler, 2009; Yang, Li, & Xing, 2010).
The HHF approach reported here was performed using a 25% solids whole slurry of steam
pretreated softwood. This presents several obstacles towards fermentation and hydrolysis
including higher initial sugar concentrations, high residual recalcitrant solids and an increased
amount and concentration of inhibitors. Recent work has shown the SSF processing of corn
stover at a solids loading of 15% using a pretreated whole slurry could be successful (Z.-H. Liu
et al., 2014). However, the liquid fraction from the steam pretreated corn stover contained only
2.7 g/L acetic acid, 0.7 g/L furfural and 1.0 g/L HMF, while the liquid fraction of the steam
pretreated lodgepole used in this research contained 9.2 g/L acetic acid, 2.8 g/L furfural, 3.0 g/L
HMF and 4.9 g/L phenolic compounds. Therefore, the higher solids loading, the inhibitory
nature of the solid material towards fermentation and enzymatic hydrolysis and the higher
amount of known fermentation inhibitors likely compromised the ability to ferment the whole
slurry originating from the steam pretreated softwood biomass. Thus, the work that was next
tackled was to assess several strategies to improve the hydrolysis and fermentation for the whole

slurry material from steam pretreated softwood.
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3.1.2.4  Conclusions

To achieve high sugar concentrations for fermentation when processing steam pretreated
biomass, both a high solids loading (>25%) and the use of the whole biomass slurry (water
insoluble and water soluble fractions) were assessed. As shown in this chapter, even in the case
of a lignin-free substrate such as dissolving pulp, the use of high solids loadings presents several
challenges for enzymatic hydrolysis including mixing issues and end-product inhibition. These
issues are amplified in the case of softwoods. This was due to increased recalcitrance of the
substrate as well as high levels of fermentation inhibitors in the water soluble fraction. This
necessitated the use of high enzyme loadings and several fermentation strategies to overcome
fermentation inhibitors.

When using just the liquid fractions from the whole slurry hydrolysate, strategies such as
strain selection, nutrient supplementation and high cell density helped to improve the ethanol
productivity and ethanol yield during fermentation. However, when the lignin-rich water
insoluble hydrolysis residue was combined with the water soluble hydrolysate to form the
“whole slurry hydrolysate”, the resulting sugar stream became un-fermentable despite the use of
these strategies. Therefore, the work described in the next three chapter investigated the use of
detoxification, post-treatments and modified pretreatments to overcome the inhibition presented
by the softwood whole slurry.

It is likely that high concentrations of fermentation inhibitors such as acetic acid, furan
aldehyde and phenolic compounds that are generated form the steam pretreatment process inhibit
the yeast, thereby limiting the ethanol production. It was shown that some cell culture strategies
such as strain selection, nutrient supplementation and high cell density could help to improve the

ethanol productivity and ethanol yield in the fermentation of whole slurry liquid fraction.
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However, even optimizing these factors, the fermentability of whole slurry hydrolysate is still

problematic.

3.2 The potential of one step sulphite post treatment to improve both hydrolysis and

fermentation of the steam pretreated softwood whole slurry

3.2.1 Background

Building on the work described in the last chapter, the major issues when trying to
hydrolyze and ferment whole slurries derived from the steam pretreatment of lodgepole pine
include the highly recalcitrant water insoluble fraction that is resistant to enzymatic hydrolysis
and the inability to ferment the whole slurry in the presence of the water insoluble fraction. The
recalcitrance of steam-pretreated softwoods has been well established in the literature (L. Kumar,
2013; L. Kumar et al., 2012; Ewanick et al., 2007). It was shown in the previous chapter that,
during enzymatic hydrolysis at high solids loadings, steam pretreated lodgepole pine required
three times more protein to reach a glucose concentration of 120 g/l compared to the model
dissolving pulp (DsP) substrate. Due to the solubilisation of hemicellulose, the lignin content of
steam pretreated softwood typically approaches 50% of the overall substrate composition (L.
Kumar, 2013). Since the cost of producing a “Northern bleached softwood Kraft (NBSK)” pulp
is in the range of 800-1000$% per ton, removing lignin to improve enzymatic hydrolysis not
economically feasible for a bioconversion process. Therefore, previous work has assessed the use
of treatments such as sulphonation (L. Kumar, 2013)(C. Mooney, Mansfield, & Saddler,

1998)(Xuejun Pan, 2005). Sulphonation modifies the lignin to improve its hydrophilicity which
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increases substrate swelling while decreasing the tendency of the lignin to non-productively bind
with cellulases (C. A. Mooney et al., 1999; Kumar et al., 2011). Under alkaline and neutral
conditions, the large amount of phenolic hydroxyl groups on lignin can deprotonate and act as
targets for the sulphonation reaction.

The major goal of much of this previous work on sulphonation was to determine if the
presence of the lignin was the main issue hindering the hydrolysis of softwood substrates(L.
Kumar et al., 2011). Using 160 °C, a residence time of 1 h and 20 minutes and a sulphite loading
of 16% based on dry wood chips, Kumar et al achieved a complete hydrolysis of the cellulosic
fraction at an enzyme loading of 15 FPU/g cellulose, despite the high lignin content (44%) of the
substrate (L. Kumar et al., 2011). However, it should be noted that the aforementioned post-
treatment was applied to a well-washed steam pretreated softwood substrate that was washed
again after the post treatment to remove high concentrations of excess sulphite that could
potentially inhibit the function of cellulases and yeasts (Bailey & Cole, 1959; Anfinsen & Haber,
1961; Schimz, 1980).

As well as the high recalcitrance of softwood towards enzymatic hydrolysis, the water-
soluble fraction originating from the steam pretreatment of softwood is also inhibitory towards
fermentation. In the previous chapter, several fermentation strategies such as strain selection,
nutrient supplementation, and high cell density were successfully implemented to improve the
fermentability of the water-soluble fraction and whole slurry liquid hydrolysate from steam-
pretreated softwood. As shown in the previous chapter, the water insoluble fraction was
inhibitory towards fermentation as during a hybrid hydrolysis and fermentation configuration the
whole slurry resulting from the steam pretreated softwood was virtually “un-fermentable” (thesis

section 3.1.2.3).
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Co-incidentally, as well as modifying lignin to improve enzymatic hydrolysis of steam
pretreated softwoods substrates, sulphite has also been shown to detoxify the fermentation
inhibitors in the water soluble fractions originating from the steam pretreatment of softwood.
(Cavka et al., 2011; Alriksson et al., 2011; Guo et al., 2013). However, unlike the post-
treatments discussed above, these detoxification treatments have typically employed either
sulphite or dithionite at very low dosages at room temperature and at a pH similar to that of
fermentation (pH 5.5) (Alriksson et al., 2011). Although the underlying mechanisms responsible
for the detoxification are not fully understood, it is likely the predominant mechanism is a
reduction reaction as dithionite and reducing agents such as sodium borohydride have also been
shown to detoxify the water soluble streams from pretreated softwood (Alriksson et al., 2011).
However, it should be noted that the amount of potentially inhibitory phenolic compounds and
the sugar concentration of the water soluble streams utilized in this previous were relatively low
compared to the hydrolysates utilized in this thesis (Alriksson et al., 2011)(Cavka et al., 2011).

Although the use of sulphite improves enzymatic hydrolysis of the water insoluble
fraction and fermentability of the water insoluble fractions of steam pretreated softwoods, there
has yet to be any research which combines both of these approaches as a single treatment. This
type of one-step approach could potentially offer the ability to simultaneously improve
hydrolysis and fermentation of the whole slurry (water insoluble and water-soluble fractions)
from steam pretreated softwood (Figure 17). However, the conditions that have been employed
to apply sulphite to improve fermentation vs enzymatic hydrolysis differ substantially. The
detoxification of the water soluble streams likely involves reduction reactions that can be
accomplished using low concentrations of sulphite at low temperatures while treatments to

improve enzymatic hydrolysis of the water insoluble fractions have typically been applied at
92



higher temperatures (>140 °C) and sulphite loadings (16 %) (Kumar et al., 2013; L. Kumar et al.,
2011). Since the whole-slurry sulphite treatment would not involve washing of the substrate after
the sulphite treatment, the presence of excess sulphite that is required to modify the substrate
could be inhibitory to subsequent enzymatic hydrolysis and fermentation (Bailey & Cole,
1959)(Anfinsen & Haber, 1961)(Schimz, 1980).

Therefore, the work in this chapter assessed whether it was possible to improve both the
hydrolysis and fermentation of a steam pretreated softwood whole slurry using a single step
sulphite treatment. The work hoped to find “compromise” conditions where both the hydrolysis

of the water insoluble and the fermentation of the water-soluble fraction could be achieved.

(—————— | Sulfonation after steam pretreatment
—— pH 7 high temperature (Chapter Il)
Hydrolysis

Figure 17 Diagram of post treatment approach followed in whole bioconversion process.

3.2.2 Results and discussion
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3.2.2.1  Sulphite detoxification of the water-soluble fraction of steam pretreated softwood

Prior to assessing the effectiveness of sulphite treatment on the whole slurry from the
steam pretreatment of lodgepole pine, previous results which described the detoxification of the
water-soluble fractions from steam pretreated lignocellulosic substrates (Cavka et al., 2011) were
first confirmed using the hydrolysates described in this thesis. This previously reported work was
repeated since the steam pretreated LPP hydrolysate used in this thesis contained 9.2 g/L acetic
acid, 2.8 g/L furfural, 3.0 g/L HMF and a total phenolic content of 4.9 g/L. This was
significantly higher compared to most of the previous literature which has looked at

detoxification (Larsson, Nilvebrant, & Jonsson, 2000 ; Persson et al.,, 2002; Soudham,

Alriksson, & Jonsson, 2011). In order to improve the fermentability of steam pretreated LPP,
sulphite detoxification (15 mM sulphite concentration, room temperature) was initially tested on
the steam pretreated LPP hydrolysate at cell densities of OD 13 and OD 6.5 using the T yeast
strain. It was apparent that the sulphite treatment improved the ethanol productivity at both cell
densities (Figure 18).

Since previous work had shown that sulphite treatment aids fermentation of the liquid
fraction of the whole slurry hydrolysate, despite its high levels of inhibitors, the ability to aid
both the enzymatic hydrolysis and fermentation of the whole slurry at room temperature was

next tested.
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Figure 18 The effect of sulphite detoxification on the ethanol production profile of strain T»

grown on the water soluble fraction of steam pretreated lodgepole pine whole slurry hydrolysate.
The yeast concentrations (cell optical density: OD) were 6.5 and 13 respectively.

3.2.2.2  Sulphite treatment of the whole slurry over a range of sulphite loadings at room
temperature

As discussed earlier, neutral sulphonation of steam pretreated softwood substrates was
performed previously by applying temperatures of 160 "C and sulphite loadings of 16% for 1
hours and 20 minutes to the washed steam pretreated biomass with subsequent washing at the
conclusion of the reaction to remove any excess sulphite (L. Kumar et al., 2011; C. Mooney et
al., 1998). However, the sulphite treatment of water soluble fractions for detoxification to aid
fermentation was performed at room temperature using 10 mM dosages of sulphite. Therefore,
the ability to perform the sulphonation reaction using low dosages of sulphite at room
temperature without washing would be beneficial and practical in a whole slurry approach.

Based on previous pulp and paper literature, it is unlikely that dosages as low as 10 mM would
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be capable of providing sufficient sulphonation of the substrate to improve enzymatic hydrolysis
while also detoxifying the water soluble inhibitors (Pranovich, Sundberg, & Holmbom, 2003).
Therefore, the whole slurry detoxification in this study was initially performed using a range of
sulphite loadings from 1% - 6% on the biomass at room temperature.

It was apparent that sulphite treatment at room temperature required a sulphite loading of
at least 3% to provide even slight enhancement (7%) while raising the sulphite loading to 6%
actually decreased the hydrolysis yield by 15% compared to the control SO steam pretreated
softwood substrate (Figure 19). As mentioned above, previous work on sulphonation was
performed on washed steam pretreated softwoods with subsequent washing to remove excess
sulphite that can potentially inhibit the enzymes during subsequent enzymatic hydrolysis.
Sulphite is able to reduce disulfide bonds in proteins, resulting in denaturation of cellulases
during enzymatic hydrolysis (L. Zhang & Sun, 2008). It was apparent that these initial levels of
sulphonation were insufficient at room temperature as only marginal improvements in hydrolysis
yields were obtained and further increases in sulphite loading likely affected the stability of the
enzymes since the low temperature did not allow the sulphonation reaction to exhaust the excess

sulphite.
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Figure 19 The effect of sulphite post-treatment (1%, 3% and 6% sulphite loading) on the
enzymatic hydrolysis of 25% solid loading steam pretreated lodgepole pine whole slurry at a
Ctec-3 loading of 40 mg protein per g cellulose for 48 h. (A) Percentage of cellulose to glucose
conversion (%) and (B) Glucose concentration (g/L). The sulphite post treatments were
conducted at room temperature for 5 mins. 4% SO, steam pretreated substrates was selected as
control.

The fermentation performance of the sulphite post-treated lodgepole pine whole slurry
hydrolysate was also tested. It was shown that the fermentability of the steam pretreated whole
slurry could be improved slightly when increasing the sulphite loading from 1%-3% (Figure 20).
However, similar to the effects on enzymatic hydrolysis, raising the sulphite loading to 6% was
likely toxic to the yeast since fermentation ceased (Figure 20). This is not surprising since
sulphite is known to suppress yeast and is used widely in winemaking (and most food industries),
because of its antioxidant and antimicrobial properties (Schimz, 1980). It was apparent that
sulphite treatment of the whole slurry at room temperature based using whole slurry could not

sufficiently aid hydrolysis or fermentation and actually became inhibitory at higher sulphite
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loadings. Therefore, the subsequent experiments assessed the ability of higher temperatures to

improve the hydrolysis and fermentation of the steam pretreated softwood whole slurries.
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Figure 20 The effect of sulphite post-treatment (1%, 3% and 6% sulphite loading) on the ethanol
production profile of strain T2 grown on the water soluble fraction of steam pretreated lodgepole
pine whole slurry hydrolysate. The yeast concentrations (cell optical density: OD) were 6.5. The

sulphite post treatments were conducted at room temperature for 5 mins.

3.2.2.3  Sulphite post treatment at high temperature of 160 °C

Several previous studies have reported that higher temperatures of 160 °C can enhance
the sulphonation reaction and thus improve the enzymatic hydrolysis of steam and mechanically
treated softwood substrates (L. Kumar et al., 2011; C. Mooney et al., 1998). However, when
temperatures as high as 160 °C are applied to a steam pretreated whole slurry, where the
solubilized hemicellulose derived sugars are present in the water-soluble fraction, they can also
undergo degradation during the sulphonation reaction. Initially the sulphonation reaction was

applied to the washed steam pretreated substrate to confirm earlier work (C. Mooney et al., 1998;
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L. Kumar et al., 2011) using a 10% solid loading, 160 °C for 70 mins with subsequent washing
to remove excess sulphite. The results showed that both an 8% and 16% sulphite loading could
boost the hydrolysis yield of the washed substrates from 62% (unsulphonated) to 88%
(sulphonated) (Figure 21 B). The extent of sulphonation was assessed by the acid group content.
The results showed that after sulphonation at 160 °C for 70 mins, the acid groups on the washed
substrates were increased from 11 to 92 u mol / g substrates.

Even though the sulphonation of the washed substrates was beneficial towards
hydrolysis, applying the sulphite post treatment to the steam pretreated whole slurry did not
improve enzymatic hydrolysis compared to the control sample. The likely reason for these results
was that, although the higher temperature enhanced the sulphonation of lignin, the residual
sulphite in the whole slurry system inhibited the enzyme, which offset the beneficial effects of

sulphonation (Figure 21 A).
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Figure 21 The effect of sulphite post-treatment (8% and 16% sulphite loading) on the enzymatic
hydrolysis of 10% solid loading (A) unwashed and (B) washed steam pretreated lodgepole pine
whole slurry at Ctec-3 dosage of 15 mg protein per g cellulose for 48 h. The sulphite post

treatments were conducted at 160 °C for 70 mins in Parr reactor.
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As well as the inability to improve the hydrolysis of the whole slurry system, performing
the sulphite treatment at 160 °C resulted in the degradation of the hemicellulose-derived sugars
solubilized in the water-soluble fraction. The initial concentration of glucose and mannose
decreased from 6.95 g/L and 5.5 g/L to an undetectable level after the sulphite post treatment at
160 °C (Table 5). Therefore, the influence of sulphite loading and reaction temperature on sugar
degradation were next studied to determine if a suitable temperature could be found to perform
the sulphonation that would not inhibit enzyme activity and allow for the recovery of the

solubilized hemicellulose.

Table 5 Glucose and mannose concentrations and the acid groups content of sulphite post-
treated substrates (10% wi/v) after treatment with a 8% and 16% sulphite loading at 160 °C for 70

mins in a par reactor.

Glucose (g/L) Mannose (g/L)
Adi
Substrates (un:(l)(ll/gmzf )
Before After Before After & puP
reaction reaction reaction reaction
8% sulphite 6.9 0 5.5 0 86
16% sulphite 6.9 0 5.5 0 92

3.2.2.4  The inhibition of enzymes by sulphite
In order to exclude the influence of substrate characteristics such as lignin content as well
as the water-soluble inhibitors on the enzyme, dissolving pulp which contains more than 94%
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cellulose was selected as the substrate for this series of experiments to test the inhibition of the
enzyme activity by sulphite addition. The hydrolysis was conducted at a 25% solid loading with
Ctec-3 enzyme loading of 35 mg protein/ g cellulose. Initially a sulphite loading of 5% sulphite
on the pulp was added to the hydrolysis. This was compared to the hydrolysis yield of the
dissolving pulp control without sulphite addition. It was found that sulphite completely inhibited
the hydrolysis. (Figure 22). As mentioned earlier, the presence of sulphite during enzymatic
hydrolysis may result in the denaturation of the enzyme through the reduction of disulfide bonds.
Sulphite is also a salt, thus a high concentration of the sodium sulphite can also denature
proteins.

To determine if the observed effects of sulphite on the enzyme activity were due to the
sodium sulphite salt, sodium chloride was added to the hydrolysis at a 5% loading (Figure 22).
The results indicated that the addition of salt did not influence the enzyme activity. Therefore, it
was likely that the sulphite was acting as a reducing agent to denature the cellulases. To test this
hypothesis, hydrogen peroxide was utilized to oxidize sulphite prior to the enzymatic hydrolysis.
In addition, hydrolysis with the addition of sodium sulfate which is the oxidization product of
sodium sulphite was also assessed. The results showed that, with the addition of sulfate or
peroxide oxidized sulphite, the hydrolysis efficiency is similar with that of the dissolving pulp
control. This indicted that the sulphite was acting as a reducing agent which inhibited enzyme

activity during hydrolysis (Figure 22).
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Figure 22 The influence of mineral salts (NaCl, Na>SOsz and NaSO4) on the enzymatic
hydrolysis of 12% solid loading dissolving pulp (DsP) at Ctec-3 dosage of 30 mg protein per g

cellulose for 48 h. The mineral salts loading was 0.13 mol/L.
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Figure 23 The effect of hydrogen peroxide treatment (0.18 and 0.35 mol/L) on the enzymatic
hydrolysis of 25% solid loading sulphite post-treated steam pretreated lodgepole pine whole
slurry at a Ctec-3 loading of 40 mg protein per g cellulose for 48 h. The sulphite post treatments
were conducted at 121 °C for 40 mins in an autoclave.
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Since hydrogen peroxide was shown to aid in eliminating the inhibitory effects of the
sulphite on the enzyme during the hydrolysis of dissolving pulp, subsequent experiments used
hydrogen peroxide to quench the sulphite in the post treated whole slurry to decrease its
detrimental effect on enzymatic hydrolysis. However, the challenge of using hydrogen peroxide
is understanding the correct amount of peroxide to add as the amount of residual sulphite after
the sulphite reaction was unknown. Therefore, hydrogen peroxide loadings of 0.17 ml, 0.08 ml,
0.05 ml of 30% hydrogen peroxide per 10 ml of the whole slurry (25% solids loading) were
added. However, hydrogen peroxide did not show any obvious boosting effect on hydrolysis
while, similar to the effects of sulphite, adding too much peroxide actually inhibited the enzyme
(Figure 23). In terms of fermentation performance, the inhibition of hydrogen peroxide on yeast
was even more obvious. Treating the whole slurry treated with hydrogen peroxide completely
inhibited ethanol production (Figure 24). This was likley because hydrogen peroxide acts as a
reactive oxygen species which is fatal to yeast cells (Perrone, Tan, & Dawes, 2008; Izawa, Inoue,
& Kimura, 1995). These results suggested that the peroxide reacted with the enzymes, yeast as
well as the residual sulphite. It should be noted that it was challenging to obtain a homogeneous
distribution of peroxide when adding to the high solids whole slurry. This may have
compromised the ability of the peroxide to provide a targeted reaction with the sulphite rather
than other components such as the enzymes. From previous work, it was apparent that a high
temperature for sulphonation was detrimental towards sugar recovery, while excess residual
sulphite decreased enzyme activity. Therefore, in order to further improve the post-treatment of
the steam pretreated softwood whole slurry, it was necessary to further decrease both the reaction

temperature and the sulphite loading.
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Figure 24 The effect of hydrogen peroxide treatment (0.18 and 0.35 mol/L) on the ethanol
production profile of strain T> grown on 25% solid loading sulphite post-treated steam pretreated
lodgepole pine whole slurry hydrolysate. The sulphite post treatments were conducted at 121 °C

for 40 mins in an autoclave. The yeast concentrations (cell optical density: OD) were 6.5.

3.2.25 Using an intermediate temperature (121 °C) to simultaneously improve the
hydrolysis and fermentation based of the steam pretreated lodgepole pine whole slurry.

To obtain an intermediate temperature, an autoclave was used at 121 °C for the sulphite
post treatment. Sulphite loadings of 5% and 12% were applied to the steam pretreated whole
slurry at a solids loading of 25%. The results showed that, at the intermediate temperature of 121
°C, the sulphite treatment at 5% did not exhibit sugar degradation. However, the 12% sulphite
loading degraded the solubilized hemicellulose in the whole slurry (Table 6). This suggested
that, not only the high temperature but also the high amount of sulphite was responsible for the
sugar degradation. Scanning electron micrographs also showed that there were no apparent

differences in the appearance of the substrates as a result of the post-treatment (Figure 25).
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Table 6 The effect of sulphite post-treatment (5% and 12% sulphite loading) on the soluble
fermentable sugar concentration and the acid groups content of 25% solid loading steam
pretreated lodgepole pine whole slurry. The sulphite post treatments were conducted at 121 °C

for 40 mins in an autoclave.

Glucose (g/L) Mannose (g/L) . . .
. Acid group Fiber Fiber
Sulphite .
loading Before After Before After (umol /g length  width
sulphite  sulphite  sulphite sulphite pulp) (mm)  (um)
treatment treatment treatment treatment
4% SO2 - - - - - 0.41 27.3
5% sulphite 20.8 19.7 12.1 12.5 40 0.46 28.6
12% sulphite 20.8 9.2 12.1 5.1 140 0.42 28.2

WD12.4mm 10.0kV x100 500um WD12.1mm 10.0kV x100 500um

4% SO2 acid steam pretreatment 12% sulfite post treatment

Figure 25 The FE-SEM imagines of the 4% SO acid steam pretreated substrates, 12% sulphite
post treated substrates. The 12 % sulphite post treatment was conducted at 121 °C for 40 minutes

in an autoclave.
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The hydrolysis performance of the 25% solid loading autoclave sulphite post treated
whole slurry was assessed using 40 mg enzyme/g cellulose with the original SO> steam
pretreated whole slurry as a control. The results showed that, using a 5% sulphite post treatment
in the autoclave, the amount of glucose obtained from the whole slurry hydrolysis was similar to
that of the control (4% SO steam pretreated whole slurry). However, the 12% sulphite post
treated slurry resulted in a decrease in sugar concentration. The lower yields at the 12% sulphite
loading were likely due to the loss of the water soluble sugars at 121 °C as well as the excess
residual sulphite at the 12% loading inhibiting the enzymes.

Upon washing to remove the unreacted residual sulphite after the post treatment, the
washed 12% sulphite post treated substrate achieved the highest sugar concentration of 123 g/L,
followed by the 5% sulphite post treated washed substrate (Figure 26) which both had higher
performance than the standard steam pretreated control. These results showed that sulphonation
did enhance the hydrolysis yield of the substrates (Figure 26). However, when hydrolyzing the
post-treated whole slurry, the excess unreacted sulphite inhibited hydrolysis while the post

treatment sacrificed sugar recovery at 121°C (Figure 26).
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Figure 26 The influence of sulphite post-treatment (5% and 12% sulphite loading) and water
washing on the glucose concentration after enzymatic hydrolysis of 25% solid loading steam
pretreated lodgepole pine whole slurry (SPLP) at a Ctec-3 loading of 40 mg protein per g
cellulose for 48 h. The sulphite post treatments were conducted at 121 degrees for 40 mins in an

autoclave.

After assessing the hydrolysis of sulphite post-treated substrates at 121 °C, the
fermentability of the 121 °C sulphite post treated whole slurries was next assessed (Figure 27). It
was apparent that the 121 °C post treatment with 12% sulphite was detrimental to the yeast since
no fermentation was observed. With the addition of 5 % sulphite, the fermentability was
improved as an ethanol concentration of 52.9 ¢g/L ethanol was obtained after 24 hours of
fermentation (Figure 27). It was apparent that, in order to achieve enhanced hydrolysis,
fermentation and sugar recovery, it was necessary to reduce the temperature even further.

Therefore, the next set of experiments assessed post treatment at a temperature of 70 °C.
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Figure 27 The effect of sulphite post-treatment (5% and 12% sulphite loading) on the ethanol
production profile of strain T> grown on the steam pretreated lodgepole pine whole slurry
hydrolysate (SPLP). The sulphite post treatments were conducted at 121 °C for 40 mins in an
autoclave. The enzymatic hydrolysis was performed with 25% solid loading at a Ctec-3 loading
of 40 mg protein per g cellulose for 48 h. The yeast concentration (cell optical density: OD) was
6.5.

Table 7 Soluble fermentation inhibitor profiles of two kinds of sulphite (12% and 5% sulphite
loading) post-treated of 25% solid loading steam pretreated lodgepole pine whole slurry. The

sulphite post treatment was conducted at 121 °C for 40 minutes in an autoclave.

Components Control (g/L) 12% Sulphite (g/L) 5% Sulphite (g/L)
Acetic acid 7.2 9.9 7.5
Furfural 2.0 0.12 0.09
HMF 24 0.08 0.1
Total phenolics 3.8 7.9 5.1
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3.2.2.6  Sulphite post treatment at 70 degrees for 121 hrs

It was apparent that a sufficiently high temperature and sulphite loading is necessary to
achieve sulphonation to improve hydrolysis of washed substrates (Section 3.2.2.4). However,
conditions that improve the hydrolysis of washed substrates are detrimental towards whole
slurries as the excess sulphite is toxic towards fermentation and hydrolysis and the high
temperatures compromise sugar recovery. In order to avoid sugar degradation, a milder
temperature of 70°C was chosen, based on previous research (L. Kumar, 2013). However, in
order to process the sulphonation thoroughly at such a mild temperature, a longer residence time
was necessary (L. Kumar, 2013). Therefore, we conducted sulphonation using 8% sulphite for 12
hrs based on previous research (L. Kumar, 2013). The results showed that, after the post
treatment at 70 °C for 12 hrs using the whole slurry at a solids loading of 25%, the water soluble
fraction still contained 20.7 g/L glucose and 12.5 g/L mannose. This was quite similar to the SO>
steam pretreated control (Table 8). When increasing the sulphite loading to 16% at the 70 °C, the

whole slurry also underwent minimal sugar degradation.
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Table 8 The influence of sulphite post-treatment on the soluble fermentable sugar concentration
of 25% solid loading steam pretreated lodgepole pine whole slurry. Acid group content of the
sulphite post treated substrates. Sulphite post treatment was carried out at 70 °C degrees for 12
hours in a water bath.

Glucose (g/L) Mannose (g/L)
Acid groups
Substrates Before After Before After (umol /g pulp)
reaction reaction reaction reaction
8% Sulphite 20.9 20.7 13.5 12.5 85
9 Iphite+29
8% Sulphite+2% 209 18.2 13.5 10.9 106
Carbonate
16% Sulphite 20.9 18.0 13.5 10.2 129

The hydrolysis of the post treated slurry showed that the substrates treated with 16%
sulphite suffered yield losses of 12% (Figure 28) likely due to the excess sulphite inhibiting
enzyme activity. The digestibility of the substrates post-treated using 8% sulphite at 70 °C was
quite similar to that of the SO» steam pretreated control. In order to maximize the sulphonation at
this lower temperature, sodium carbonate was added to the post treatment to assist the sulphite
react with lignin. This approach was shown previously to enhance the amount of sulphonation at
lower sulphite loadings when applied to poplar biomass (Richard P. Chandra et al., 2016). It was
shown that the addition of carbonate enhanced the substrates digestibility by 12% (from 55% to
67%). The sulfonic acid groups on the substrate after the post treatment were also shown to
increase from 85 u mol/g to 106 u mol / g substrates upon the addition of carbonate during the
post treatment (Table 8, Figure 28). Thus, it is likely that the sodium carbonate enhanced

sulphonation at the lower temperature, limiting sugar degradation and increasing the hydrolysis
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yield of the substrate. The enhancement of sulphonation by sodium carbonate addition also likely
decreased the amount of residual excess sulphite, by incorporating more sulphite in the substrate.
This likely decreased the sulphite toxicity towards yeast and the enzymes. By testing the final
sugar production, it was apparent that, within two days of enzymatic hydrolysis, 108 g/L glucose
and 13.3 g/L mannose could be obtained and could be used for downstream fermentation. When
the fermentability of the 70 °C post treated substrates with 8% sulphite and 2% carbonate was
tested, it was found that this post treatment could also detoxify the whole slurry. The final
ethanol titer was 56.4 g/L, which is slightly higher compared with the substrates post treated with

5% sulphite at 121 °C (Figure 29).
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Figure 28 The effect of sulphite post-treatment (8% and 16% sulphite loading) with/without 2%
carbonate on the enzymatic hydrolysis of 25% solid loading steam pretreated lodgepole pine
whole slurry at a Ctec-3 loading of 40 mg protein per g cellulose for 48 h. (A) Percentage of

cellulose to glucose conversion (%) and (B) Glucose concentration (g/L). The sulphite post

treatments were conducted at 70 °C for 12 h in a water bath.
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Figure 29 The effect of sulphite post-treatment on the ethanol production profile of strain T»
grown on the 25% solid loading steam pretreated lodgepole pine whole slurry hydrolysate. The
sulphite post treatments were conducted at (A) 70 °C for 12 h with 8% sulphite and 2%
carbonate in the water bath and (B) 121 °C for 40 mins in an autoclave with 12% sulphite in an

autoclave, respectively. The yeast concentration (cell optical density: OD) was 6.5.

3.2.2.7  Conclusions

A unique approach, using sulphite, was tested to simultaneously detoxify and improve the
enzymatic hydrolysis of a steam pretreated softwood lodgepole pine whole slurry. There were
several challenges related to the conditions employed during sulphite treatment including sugar
degradation in the whole slurry at high post-treatment temperatures and the toxicity of the
unreacted sulphite towards enzymes and yeast during subsequent hydrolysis and fermentation of
the post treated whole slurry. However, it was shown that the sulphonation reaction at low
temperature could be enhanced through the addition of sodium carbonate. The lower temperature

limited sugar degradation, while the increased sulphonation improved enzymatic hydrolysis,
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presumably by modifying lignin and by decreasing the amount of unreacted sulphite available to

interact with enzymes and yeast.

3.3 The potential of using sulphite treatment during steam pretreatment to boost sugar

and ethanol production for softwood bioconversion

3.3.1 Background

As described earlier, there were many challenges associated with attempting to use a one
stage sulphite post treatment to simultaneously improve the enzymatic hydrolysis (through lignin
sulphonation) and the ethanol fermentation (through inhibitor detoxification) of the steam
pretreated lodgepole pine whole slurry. These challenges were due to the use of the steam
pretreated softwood whole slurry system which results in the degradation of the solubilized
hemicellulose during the sulphonation reactions. As well as sugar degradation, the higher amount
of sulphite and the increased temperature of the sulphite treatment required also created
complications for the single step post treatment approach. However, these challenges were
overcome by enhancing the sulphonation reaction at lower temperatures (70 °C) via the addition
of carbonate to the single step post treatment of the whole slurry. The sodium carbonate addition
allowed for an increase in hydrolysis yields, fermentability and sugar recovery after the post
treatment.

Although adding carbonate to the post treatment were promising, one key question was
whether the challenges associated with the sulphonation were due to the compromised reactivity

of the lignin in the water insoluble fraction of the steam pretreated softwood substrate. During
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steam pretreatment of softwoods, guaiacyl rich softwood lignin has been shown to undergo high
levels of condensation, which compromises its reactivity during subsequent chemical
reactions(Li et al., 2007; Lin, 2016; Nakagame, Chandra, Kadla, & Saddler, 2011). The increase
in lignin condensation would also presumably decrease the reactivity of the lignin towards
sulphite, especially when attempting to use post treatments at temperatures as low as 70 °C that
allow for the preservation of the sugars in the water soluble hemicellulose fraction. Previous
work has shown that the neutral sulphonation reaction was more effective when performed on
biomass during the steam pretreatment of poplar biomass compared to applying sulphonation
post treatment (Richard P. Chandra et al., 2016).

As discussed in the introduction, pretreatments such as SPORL that apply a high
temperature acid sulphite treatment to biomass prior to mechanical refining have also been
applied effectively to softwood biomass. However, SPORL treatments of softwoods have been
shown to still require relatively high enzyme loadings when treating softwood biomass. For
example, when treating lodgepole pine, it was shown that the SPORL pretreated whole slurry at
an 18% solids loading required 20 FPU/g cellulose and reached an ethanol concentration of 47.1
g/L(Zhou, Zhu, et al., 2013). As shown in the previous chapter, the use of carbonate as a post
treatment allowed for a solids loading of 25% to be used in the whole slurry with a similar
enzyme loading of approximately 50 mg/g glucan. However, a higher ethanol concentration of
approximately 56 g/L was achieved.

One of the most important factors when using sulphite to treat biomass is the reaction pH.
When applying “neutral” sulphonation pH (7-10), the reaction proceeds mainly through the
deprotonation of the phenols to form quinone methide intermediates. These quinone methides are

subsequently sulphonated through nucleophilic addition. Increasing the amount of quinone
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methides formed through the addition of alkali can enhance this sulphonation reaction. It also
lead to partial delignification by the fragmentation and increases lignin hydrophlicity through the
incorporation of sulfonic acid groups (Gierer, 1985). Due to the neutral to alkaline pH, this
reaction approach has been shown to be effective in preserving the carbohydrate components of
the biomass as a portion of the water insoluble fraction during steam pretreatment (Richard P.
Chandra et al., 2016). In particular, the preservation of the hemicellulose as part of the water
insoluble fraction may provide opportunities for milder pretreatments where a greater amount of
hemicellulose is recovered and subsequently hydrolyzed. A decreased solubilisation of the
hemicellulose may also decrease the formation of fermentation inhibitors, such as furans that are
derived from the acidic dehydration of carbohydrates during acidic pretreatments such as
conventional steam pretreatment. Lignin condensation also occurs under acidic conditions. Thus
employing a neutral/slightly alkaline approach should limit acid catalyzed lignin condensation
(Li et al., 2007). Alternatively, similar to SPORL, the lignin sulphonation reaction can be
performed at acidic pH which tends to fragment lignin through acidolysis while simultaneously
sulfonating lignin to result in larger solubilized lignosulfonates. The acidic conditions result in
the solubilisation of hemicellulose into a water soluble stream similar to acid catalyzed steam
pretreatment. However, the acidic sulphite allows for bisulphite to simultaneously modify lignin
while solubilizing hemicellulose.

Therefore, considering the potential increased reactivity of the native lignin in the
biomass compared to the lignin in the substrate after steam pretreatment, in this section, sulphite
treatment was carried out in the steam gun during the steam pretreatment itself (Figure 30). The
neutral approach which tended to retain the hemicellulose in the water insoluble fraction was

compared to the acidic sulphonation approach. This latter approach solubilized the hemicellulose
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into the water soluble stream. This comparison allowed us to determine which approach provided

the greatest enhancement of the hydrolysis/fermentability of the steam pretreated whole slurry.

Sulfonation during steam pretreatment

Hydrolysis

Fermentation

Figure 30 Flow chart of sulphite steam pretreatment in the overall bioconversion process.

3.3.2 Results and discussion

3.3.2.1  Alkali sulphite steam pretreatment with sulphite

Initially, sulphite loadings of 8% and 16% were used while the addition of sodium
carbonate was varied from 2-6%. As mentioned above, increasing the pH via the use of alkali has
been shown to enhance the sulphonation reaction when sulphite was applied during the steam
pretreated of poplar (Richard P. Chandra et al., 2016).

Previous work has shown that an impregnation step prior to performing the sulphonation
reaction in the steam gun was beneficial when using poplar biomass (Richard P. Chandra et al.,

2016). Therefore, the lodgepole pine chips were soaked overnight in an Na>SO3z solution prior to
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steam pretreatment over a range of temperatures and residence times using the previous work on

poplar as a guide (Table 9) (Richard P. Chandra et al., 2016). Initially it was apparent that the

use of neutral/alkaline sulphite in a single steam pretreatment stage was not able to reduce the

particle size of the wood chips in a similar manner to steam pretreated softwood (Richard P

Chandra et al., 2009). Subjecting the biomass to enzymatic hydrolysis at a solids loading of 5%

and an enzyme loading of 15 mg protein / g glucan showed limited sugar release from the

substrate after 72 hours (<< 2 g/L glucose).

Table 9 The hydrolysis performance of one step alkali sulphite (16% sulphite loading) steam

pretreated lodgepole pine whole slurry at a 25% solid loading. Enzyme loading was 50 mg Ctec-

3 /g glucan.

Chemical Condition
16% NaxSOs 160 °C 20 mins
16% Na2SOs 160 °C 40 mins
16% Na,SO3 160 °C 70 mins
16% NaxSOs 180 °C 20 mins
16% Na2SOs 180 °C 40 mins
8% NaxSO3 160 °C 20 mins
8% NaxSOs 160 °C 70 mins
8% NazSOs 180 °C 10 mins
8% NaxSOs 180 °C 20 mins
8% Na>S0;

200 °C 10 mins
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Since the neutral sulphite steam pretreatment was not able to improve the enzymatic
hydrolysis or effectively separate the softwood fibres in a single pretreatment stage, the next set
of neutral sulphonation treatments used steam pretreatment in two stages. In this way we hoped
to improve fibre separation and sulphonation. Sulphonation has been shown to improve fibre
separation during mechanical pulping processes including chemithermomechnaical pulping
processes as well as during neutral/alkali sulphite steam explosion pulping for making paper
products(Chagaev et al., 2005)(Konn, Pranovich, Fardim, & Holmbom, 2007). It was
hypothesized that, extending the sulphonation reaction at low temperatures (160 °C) would
enable a greater amount of sulphonation, while a second steam pretreatment at higher
temperature (210-230 °C) and thus a higher pressure (300+ psig) would aid in fibre
separation/size reduction while extending the sulphonation reaction (Table 10). Since this
sulphonation approach during steam pretreatment has not been assessed on softwoods, the
incorporation of sulfonic acid groups into the substrate as a result of the sulphite treatment was
used to screen for effective sulphonation occurring during steam treatment. Visually, it was
apparent that, similar to the substrates from the first pretreatment trials, the softwood underwent
limited fibre separation, despite the use of two steaming stages despite and the higher pressure in
the second pretreatment step. The highest amount of acid groups were incorporated when using
16% sulphite at 160 °C in the first stage and temperatures greater than 200 °C in the second
stage. This incorporated 96-110 p mol of acid groups per gram of substrate. Hydrolysis yields of
only 35% were obtained during the enzymatic hydrolysis of the resulting substrates, which was

far lower than that of the SO2 steam pretreated “control” substrate (Data not shown).
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Table 10 The acid groups content and final pH of the two-stage alkali sulphite steam pretreated

substrates with a chemical loading of 8% or 16% sulphite after various pretreatment conditions.

Acid group
Chemical Condition (umol/g pH
substrates)
0
8% Na,50, 1) 160 °C 10 mins 2) 210 °C 10 mins ol 4.0
0
87 Na,S0, 1) 160 °C 20 mins 2) 210 °C 10 mins 89 3.7
16% Na,SO, 1) 160 °C 10 mins 2) 210 °C 10 mins 9 4.9
16% Na,SO, 1) 160 °C 20 mins 2) 210 °C 10 mins 110 4.6
0
167 Na,50, 1) 160 °C 20 mins 2) 220 °C 10 mins 105 4.1
16% Na,SO, 101 3.8

1) 160 °C 20 mins 2) 230 °C 10 mins

3.3.2.2 Increasing the pH of alkali sulphite pretreatment via the addition of sodium
carbonate

As described earlier, increasing alkali conditions can enhance sulphonation (Richard P.
Chandra et al., 2016). Therefore, alkali was added to the two stage sulphite steam pretreatment
to potentially improve the sulphonation during the two steaming stages (conditions summarized
in Table 11). As anticipated, the addition of carbonate to the sulphite provided significant
improvements in sulphonation producing substrates that contained up to 140 yu mol / g of
sulfonic acid groups. Upon analyzing the chemical composition of the substrate, it was also

apparent that the neutral/alkaline sulphonation approach allowed for the retention of the
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hemicellulose component in the water insoluble substrate (Table 12). However, the increase in
sulphonation and retention of carbohydrates did not result in increased enzymatic hydrolysis

yields.

Table 11 The acid group content and final pH of two-stage alkali sulphite pretreated substrates

after an initial 16% sulphite loading and various carbonate loadings after different pretreatment

conditions.
Acid group
Chemical Condition (n mol/g pH
substrates)
0 + 20
16% Na,SO, % 2%Na,C0; 15 160 °C 20 mins 2) 210 °C 10 mins 140 04
0 + 20
16% Na, SO, + 2%Na,CO5 1y 160 °C 20 mins 2) 230 °C 10 mins 133 44
16% Na,SO, +2%Na,CO, 1) 160 °C 20 mins 2) 210 °C 10 mins 139 49
16% Na,SO, +4%Na,CO, 1) 160 °C 20 mins 2) 210 °C 10 mins 132 6.8
0 + 49
16% Na,SO, + 4%Na,C0; 15 160 °C 20 mins 2) 225 °C 10 mins 129 32
16% Na,SO, + 6%Na,CO, 135 6.6

1) 160 °C 20 mins 2) 210 °C 10 mins
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Table 12 The influence of changes in pH facilitated by carbonate addition on the composition,

final pH and acid group content of two-stage alkali sulphite steam pretreated substrates.

Acid
Ara Gla Glu Xyl Man ASL AISL group
Samples pH
(%) (%) (%) (%) (%) (%) (%) (umol/g
pulp)
) 0.1 0 48.1 13 37 0.8 450
(1) 4%SO2 200 °C 5mins 1.8
(0.0) (0.0) (0.1) (0.1) (0.0) (0.0) (1.3)
(2) 16% NaxSO; 160°C 0.1 0.7 543 31 91 1.0 220 47 1o
20mins, 210 °C 10mins (0.0) (0.0) (0.1) (0.0) (0.1) (0.0) (1.1 '
(3) 16% NaxS0O3+2% NaCOs 0.4 1.1 561 36 93 1.0 237 64 140
160°C 20mins, 210 °C 10mins  (0.0) (0.0) (0.1) (0.0) (0.2) (0.0) (0.5) '

It was apparent that the substrates from both the single and two stage alkaline

pretreatments underwent limited particle size reduction/fibre separation during steam explosion.

This lack of size reduction may have been responsible for the lower enzymatic hydrolysis yields

of these substrates. It should be noted, that although the biomass undergoes an intensive

chemical treatment, size reduction was also needed to improve the hydrolysis of substrates

pretreated using the SPORL process (Wang, Service, & Rockwood, 2009; Zhang, Houtman, &

Zhu, 2014; Zhu, Pan, Wang, & Gleisner, 2009). To test this hypothesis, a two stage sulphite

pretreated sample, (pretreated with 16% sulphite and 2% carbonate at 160 °C for 20 mins

followed by 210 °C for 10 mins) was size reduced using an industrial strength “juicer” (Chu et

al., 2017). The enzymatic hydrolysis of the substrate was assessed using a solids loading of 5%
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and an enzyme loading of 10 mg/g using the original substrate (without size reduction) and the
4% SO, pretreated substrates as controls. It was apparent that size reduction during the
pretreatment was influential in improving the ease of hydrolysis of the substrates as, upon
“refining” using the juicer, the sulphonated sample improved the hydrolysis yield from 35 to
91% and also surpassed that of the steam pretreated control (Figure 31). Therefore, it seemed
that fibre separation was a key component in increasing cellulose accessibility during alkaline
sulphite treatment. It was also apparent that the fibre length (as measured using the FQA) of the
alkaline sulphite pretreated steam pretreated softwood was larger than that of the acidic steam
pretreated control. This was expected as a similar sulphonation approach is typically utilized to
enhance fibre separation during chemithermomechanical pulping (Figure 31). These results
suggested that, although the standard acidic steam pretreatment using SO is not aimed at
modifying lignin, it is quite effective in providing size reduction during the explosive
decompression at the conclusion of the steam pretreatment. Therefore, in the next section, the
alkaline and acidic approaches were combined to provide both an increase in sulphonation and

better particle size reduction.
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Figure 31 The influence of mechanical refining on the enzymatic hydrolysis of washed alkali
sulphite steam pretreated lodgepole pine substrate with 5% solid loading at Ctec-3 dosage of 35
mg protein per g cellulose for 48 h. The alkali sulphite steam pretreatment were conducted at 160
°C for 20 mins followed by increasing temperature to 210 °C for another 120 mins. The
mechanical refining was performed a lab scale refiner.
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3.3.2.3  Sulphite steam pretreatment with Carbonate and SO2

Typically, during acid sulphite pulping, a base salt is added along with SO in order to
achieve sulphonation using bisulphite as the active species and the salt to buffer the system to
reduce the amount of lignin condensation when SO is added to the biomass. The chips were
initially impregnated with sodium carbonate with subsequent treatment with sulfur dioxide prior
to the steam pretreatment. It was hypothesized that maintaining the pH in the acidic 2-4 range,
similar to acid sulphite pulping, could help with providing size reduction during the explosive
decompression while sulfonating the lignin (Conditions used are shown in Table 13). The size
reduction of the substrates from these treatments indicated that the most effective conditions for
reducing the particle size of the biomass were the use of a first stage of 200 °C for 10 minutes
and a second stage of 225 °C for 5 minutes (Table 13). Analysis of the chemical composition
indicated that a higher pretreatment pH resulted in an increase in sulfonic acids on the substrate
and a higher retention of hemicellulose. It was also apparent that adding higher amount of
sulphonation did not equate to particle size reduction when performing the sulphonation
reactions in the steam gun (Table 13, 14). Upon subjecting several of these substrates to
enzymatic hydrolyses, the results indicated that even this combination of SO and carbonate was
incapable of increasing hydrolysis yield beyond that of the steam pretreated control sample

(Figure 32).
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Table 13 The influence of chemical loading, pretreatment temperature and pretreatment steps on
the effectiveness of substrates size reduction on the sulphite steam pretreatment with the
chemicals of Na.COs3 and SOs.

Substrate
Chemical Condition
Size reduction

0 + o
4% Na,CO;+4% S0, 1) 160 °C 10 mins 2) 200 °C 5 mins Poor

0 + o
4% Na,CO, + 4% 50, 1) 160 °C 20 mins 2) 200 °C 5 mins Poor

0 + o
4% Na,CO, + 4% S0, 1) 200 °C 10 mins 2) 225 °C 5 mins Good
8% Na,CO, + 8% SO, 1) 210 °C 10 mins Good
8% Na,CO, + 8% SO, 1) 160 °C 20 mins 2) 210 °C 10 mins Medium
8% Na,CO, + 8% SO, Good

1) 210 °C 10 mins 2) 220 °C 10 mins

Note: The morphology of steam pretreated substrates which were referred as Good, Medium and Poor.

Good Medium Poor
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Table 14 Components of a series of alkali sulphite steam pretreated lodgepole pine substrates

including the pH and acid groups of these substrates.

Acid
Ara Gla Glu Xyl Man ASL AISL group
Samples pH
(%) () () () () () (%) (umol/g
pulp)
(1) 4%S0, 0. 0 481 13 37 0.8 450 g
200 °C Smins (0.0) (0.0) (0.1) (0.1) (0.0) (0.0) (1.3)
(2) 4% NaxCO3+4% SO,
. 0.1 0 55.0 1.9 4.0 0.7 35.6
200 °C 10mins, 225 °C 3.1 40
(0.0) (0.0) (0.1) (0.0) (0.0) (0.0) (0.5
Smins
(3) 8% NaxCO3+8% SO> 0.1 0 527 2.0 4.8 0.6 34.4 57 53
210 °C 10mins (0.0) (0.0) (0.6) (0.0) (0.0) (0.00 (04 '
(4) 8% NaxCO3+8% SO,
‘ 0.1 03 545 2.7 7.4 0.6 234
160 °C 20mins, 210 °C 3.8 66
(0.0) (0.0) (24) (0.0) (0.1) (0.0)0 (0.9
10mins
(5) 16% NaxSOs
‘ 0.1 0.7 543 3.1 9.1 1.0 22.0
160 °C 20mins, 210 °C 4.7 110
(0.0) (0.0) (0.1) (0.0) (0.1) (0.00 (1.1
10mins
(6)16% Na>SO3+2%
NaxCOs, 0.4 1.1 56.1 3.6 93 1.0 23.7
6.4 140
160°C 20mins, 210 °C (0.0) (0.0) (0.1) (0.0) (0.2) (0.0) (0.5

10mins
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Figure 32 The enzymatic hydrolysis of washed alkali sulphite steam pretreated lodgepole pine

with 5% solid loading at a Ctec-3 loading of 35 mg protein per g cellulose for 48 h.

3.3.2.4  Acid sulphite steam pretreatment with bisulphite and sulfuric acid

As mentioned earlier, neutral/alkaline sulphite pretreatment can maximize lignin
sulphonation. However, the explosive decompression undergone by the biomass at the
conclusion of steam pretreatment was insufficient to separate the fibres in the sulphonated
biomass. It was shown that acidic sulphite steam pretreatment was more efficient in providing a
combination of particle size reduction and sulphonation in the pH ranges of 3-5. The conditions
utilized during the acidic sulphite treatment resembled those utilized during the SPORL process
(C. Zhang et al., 2014)(Zhu et al., 2009)(Lan, Gleisner & Hector, 2013). However, rather than

combining the SO> with carbonate where the amount of SO converted to bisulphite was unclear,
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the SPORL process utilized a more controlled approach by directly adding bisulphite and
sulfuric acid with subsequent mechanical refining. We therefore adopted this type of approach
where bisulphite and sulfuric acid were applied to wood chips, with subsequent steam explosion,
to assess whether it would be effective in the steam gun.

The acidic bisulphite pretreatment was applied in two stages. Initially a lower
temperature was applied (180 degrees 20 mins or 160 degree 40 mins) which was similar to the
first step in SPORL process. After this initial stage, the temperature was elevated to > 200 °C
with subsequent explosive decompression. It was hoped that the explosion would help size
reduce the biomass similar to the second stage refining step utilized in the SPORL process (Lan
et al., 2013; Zhu et al., 2009; Zhou, Zhu, et al., 2013) (Conditions summarized in Figure 33 all
using 10% bisulphite and 2% sulfuric acid similar to the SPORL process). It was apparent that
utilizing the acidic bisulphite during two stages of steaming was ineffective, as the yields when
subjecting the resulting substrates to enzymatic hydrolysis did not surpass 40% (Figure 33).
Therefore, the acidic bisulphite treatment was also applied using a single steam pretreatment step
(Conditions summarized in Table 15). The results indicated that increasing the steaming
temperature to at least 210 °C was necessary to obtain substrates that resulted in significant sugar
release during hydrolysis. Visual inspection of the substrates showed that the single stage

treatment resulted in a clean fibre separation and relatively long fibres (Table 16, Figure 34).
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Figure 33 The enzymatic hydrolysis of washed, two stages acid sulphite steam pretreated
lodgepole pine with 5% solid loading at Ctec-3 loading of 35 mg protein per g cellulose for 48 h.
The two stages of acid sulphite steam pretreatment were conducted with 10% NaHSOs and 2%

H,SO, at various conditions.
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Table 15 The hydrolysis performance of a series of single stage acid sulphite steam pretreated
lodgepole pine whole slurry at various chemical loading and pretreatment conditions. The
hydrolysis was conducted at a 25% solid loading using a Ctec-3 enzyme loading of 40 mg

protein/g glucan.

Glucose concentration (g/L)

Chemicals Pretreatment condition after hydrolysis for 48 hrs

10% NaHSO,+2% H,SO, | 165 °C 75mins | Not hydrolysable
10% NaHSO,+2% H,SO, 180 °C 20mins Not hydrolysable
10% NaHSO,+2% H,SO, 180°C 30mins Not hydrolysable
10% NaHSO,+2% H,SO, 200°C 10mins Not hydrolysable
8% NaHSO,+2% H,SO, 200°C 10mins Not hydrolysable
8% NaHSO,+2% H,SO, 210°C 10mins 103.3g/L
8% NaHSO,+2% H,SO, 210°C 10mins washed 65.4 g/L

4% SO 200 °C 5 mins 108 g/
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Two stages acid sulphite One stage acid sulphite

Figure 34 Comparing the gross appearance of the one stage and the two stages acid sulphite
steam pretreated lodgepole pine substrates. The one stage acid sulphite steam pretreatment was
conducted with 8% NaHSO3z and 2% H2SO4 at 210 °C for 10 minutes, while the two stages acid
sulphite was conducted with 8% NaHSOs and 2% H>SO4 at 160 °C for 20 mins followed by

increasing temperature to 210 °C for another 10 mins.

Table 16 Characterizing the acid sulphite steam pretreated substrates and the fermentation

inhibitor profiles of 25% solid loading acid sulphite steam pretreated lodgepole whole slurry.

Acid group Fiber Fl.ber Ace:tlc Furfural HMF Total.
Samples (umol/g length width DP acid (/L) (/L) phenolics
pulp)  (mm) (um) (/L) (/L)
0 [¢)
4% 502, 200 °%C 15 041 273 197 82 32 1.6 4.7
Smins
8%NaHSO3
+2%H2S 04, 88 1.3 319 1607 091 0.27 0.18 7.6

210°C 10mins
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Analysis of the substrate obtained after acidic sulphite treatment indicated that high
amounts of acid groups were incorporated when the single step, 8% bisulphite and 2% sulfuric
acid approach. This also likely resulted in the longer fibres that were observed. It is probable,
that similar to acid sulphite pulping, a greater amount of lignin modification/removal lead to
better fibre separation and thus larger fibers. However, these longer fibres may not be as
amenable to enzymatic hydrolysis, especially at high solids loadings where longer fibres have
been shown to be detrimental to the liquefaction step (van der Zwan et al., 2017). As a result of
the higher specificity of the acid bisulphite treatment for lignin, the cellulose degree of
polymerization was higher than the control sample which was treated with 4% SO, (Table 16).
Along with particle size, this change has been shown to play a role in the ease of hydrolysis of
pretreated substrates and enzymatic liquefaction at high solids loadings(van der Zwan et al.,
2017).

From the SEM images of the substrates it was apparent that, although the acid sulphite
steam pretreatment resulted in better fiber separation, the 4% SO, steam pretreatment had

smaller particles (Figure 35).
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Figure 35 FE-SEM images of the one stage acid sulphite steam pretreated and the traditional
SO, catalyzed steam pretreated lodgepole pine substrates. The one stage sulphite steam
pretreatment was conducted using 8% NaHSOs and 2% H2SO4 at 210 °C for 10 minutes.

As well as the variations in substrate characteristics between the acid sulphite steam
pretreated softwood and the 4% SO treated control, it was also apparent that the acid bisulphite
treatment decreased the amount of fermentation inhibitors in the water soluble fraction (Table
16). In particular, the furans and acetic acid decreased while the phenolics increased likely due to
sulphite induced fragmentation of the lignin. With the lower amount of inhibitors, the
fermentation of the acid bisulphite steam pretreated lodgepole pine whole slurry resulted in an
ethanol concentration of 46.6 g/L after 24 hours. This compared favourably to the SO, steam
pretreated control whole slurry which was virtually un-fermentable in the presence of the

hydrolysis residue as discussed previously in Section 3.1 (Figure 36).
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Figure 36 Comparing the ethanol production profile of strain T in the one stage acid sulphite
and the traditional SO- catalyzed steam pretreated lodgepole pine whole slurry hydrolysate. The
one stage sulphite steam pretreatment was conducted using 8% NaHSOz and 2% H>SO4 at 210
°C for 10 minutes. The enzymatic hydrolysis was performed with 25% solid loading at Ctec-3
loading of 40 mg protein per g cellulose for 48 h. The yeast concentrations (cell optical density:
OD) were 6.5.

3.3.25 Conclusions

Potential approaches to implement sulphite treatment during the steam pretreatment
process were assessed, to improve enzymatic hydrolysis of the water insoluble fraction while
detoxifying the resulting water soluble fraction. It was hypothesized that the native lignin in the
softwood biomass could be readily sulphonated during steam pretreatment as compared to the
condensed lignin in the steam pretreated softwood biomass. Initially, based on previous work
with poplar biomass and the post treatment of steam pretreated softwood, the sulphonation

during steam pretreatment was performed under alkaline conditions. Although the use of alkaline
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conditions maximized sulphonation of the biomass, surprisingly, the ease of hydrolysis of the
resulting substrates was not improved compared to the conventional SO, steam pretreated
control. However, the hydrolysis yield of the neutral/alkaline steam pretreated biomass surpassed
the SO, steam pretreated control after subsequent grinding of the sulphonated biomass. These
results indicated that, under neutral/alkaline sulphite treatment, the explosive decompression at
the conclusion of steam pretreatment was insufficient to separate fibres as the resulting substrate
was rich in “rejects” or “chunks”. Therefore, in order to achieve a better fibre separation, size
reduction and lignin modification, the subsequent work utilized an acidic sulphite approach. It
was apparent that the combination of sulfuric acid and sodium bisulphite, similar to SPORL
pretreatment (8% bisulphite and 2% sulfuric acid), was an effective combination in the steam
gun when using a single high temperature (>210 °C) pretreatment stage. This acidic sulphite
condition was more effective in separating fibres than the neutral/alkaline conditions. It also
resulted in lignin sulphonation as well as enabling the hydrolysis and fermentation of the SO»
steam pretreated softwood whole-slurry (which was shown previously to be virtually un-

fermentable in Section 3.1).
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3.4 The potential of a two-step (alkali and then acid) sulphite steam pretreatment to

boost sugar and ethanol production from sulphite steam pretreated softwood whole slurry

3.4.1 Background

From the work in Section 3.3, it was apparent that neutral/alkaline conditions maximized
sulphonation while acidic sulphonation simultaneously sulfonated lignin and aided fibre
separation. Although both pretreatment approaches could help fermentation, neither was capable
of producing a steam pretreated substrate that could reach hydrolysis yields greater than the
washed sulfur dioxide steam pretreated control. As well as maximizing sulphonation, it was
evident that the neutral/alkaline approach resulted in the highest amount of hemicellulose
retained in the water insoluble substrate fraction. Although the retention of hemicelluloses
decreases the amount of furan derived inhibitors, the neutral/alkaline approach was not capable
of producing biomass that could undergo effective fibre separation during the explosive
decompression step in the steam gun. The use of acidic bisulphite was capable of producing
fibres that could be separated, but did not result in as much sulphonation of the lignin as the
neutral/alkaline approach. It is also possible that under acidic sulphonation conditions, the lignin
component can undergo condensation reactions with decreases its reactivity and is detrimental
towards enzymatic hydrolysis.

Based on the beneficial aspects of each pretreatment approach developed in section 3.3, a
multi-step approach was followed. In the first step, an alkali sulphite pretreatment was employed
to modify/remove lignin. In the second stage, the sulphite pretreatment will be acidified by

adding SO to the alkaline sulfonated biomass to decrease the pH, The SO2 added in the second
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pretreatment stage would decrease the pH while providing additional sulfur to the system (Figure
37). It was hypothesized that the increased amount of sulphonation and hemicellulose retention
in the first pretreatment stage, combined with the improved fibre separation/size reduction
provided by the additional acidic sulphonation and acidification in the second stage would
improve the ease of hydrolysis, fibre separation, sugar recovery and fermentability of the
resulting substrates. As well as maximizing sulphonation and fibre separation, it was
hypothesized that the initial sulphite added in the first stage will likely be washed out prior to the
second pretreatment stage, which would limit the toxicity of the residual sulfite towards

downstream fermentation after the second acidic sulphonation step was applied.

Size reduction

Sulfonation Further sulfonation
 Na:xS0s 15t stage 2nd stage acid
impregnation alkaline S0z sulfite steam

Softwood . treatment
chips ::> sulfite steam |:> pretreatmen
pretreatment Solid pH 3

(2] sty W%
Enhance Hydrolysis
and
Fermentation

Figure 37 Flow chart of the two stages sulfite steam pretreatment. The first stage is conducted at
the alkali condition with Na>SOz pre-impregnation for the purpose of lignin sulfonation, while
the second stage is executed at acidic condition (pH=3.0) with SO, addition for the purposes of

size reduction and further lignin sulfonation.
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3.4.2 Results and discussion
3.4.2.1  Applying a two-step (alkaline-acid) sulphite steam pretreatment consisting of an
initial sulphite steam pretreatment stage and subsequent SO2 catalyzed steam pretreatment
In order to implement the two-step (alkaline-acid) steam pretreatment, softwood chips
were first impregnated with a solution of 12% sulphite based on the weight of biomass dissolved
in 100 ml water. To improve the impregnation of the sulphite, the wood chips were allowed to
soak in the sulphite solution overnight in a water bath at 70 °C prior to steam pretreatment. The
initial sulphite treatment stage was performed at mild conditions (140 °C, 20 minutes) in order to
avoid dissolution or degradation of the biomass carbohydrates. Visually, after the first steam
prereatment stage, the wood chip structure remained intact despite the explosive decompression
in the steam gun, indicating the mild nature of the pretreatment. The resulting treated wood chips
were then impregnated with 4% SO: (based on the initial weight of the chips) overnight with
subsequent steam pretreatment in the steam gun at a temperature of 200 °C and residence time of
5 minutes. The final pH of the water soluble stream was 3.3 after the second pretreatment stage,
indicating the SO impregnation reduced the pH of the treatment. The two stage steam
pretreatment seemed to allow for effective homogeneous fibre separation as only a small amount
of “rejects” were produced (Figure 37). Analysis of the chemical composition of the water
insoluble and soluble streams (Tables 17 and 18) indicated that, compared to the 4% SO, steam
pretreated substrate, the two stage (alkaline-acid) pretreated substrates retained and recovered far
more hemicellulose (Table 17). As well as retaining hemicellulose, the two stage steam
pretreatment resulted in the incorporation of acid groups and >60% delignification (Table 17). It

was apparent that the two-stage approach had the desired effect as it created unique substrates
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that exhibited delignification, homogenous fibre separation and hemicellulose recovery/retention.
Likely due to the carbohydrate rich nature of the two stage steam pretreated substrates, the
hydrolysis of the two stage treated substrates at an enzyme loading of 40 mg/g cellulose and
solids loading of 25%, could generate 163.5 g/L glucose compared to the 121 g/L glucose

obtained during the hydrolysis of the 4% SO. steam pretreated control after 72 hours (Figure 38).
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Figure 38 The enzymatic hydrolysis of 25% solid loading washed and unwashed two stages
sulfite steam pretreated lodgepole pine whole slurry at Ctec-3 dosage of 40 mg protein per g
cellulose for 48 h. The two stages sulfite steam pretreatment was firstly conducted at the alkali
condition with sulfite pre-impregnation (6-12% Na>SOs loading) at 140 °C for 20 mins, followed
by a second stage acidic condition treatment with the addition of various amount of SO, at 200

°C for 5 mins.
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Table 17 Components of a series of two steps of (alkali followed by acid) sulfite steam

pretreated lodgepole pine substrates and the pH and acid groups of these substrates.

Acid
Ara Gla Glu Xyl Man ASL AISL group
Substrates pH
(%) (%) (%) (%) (%) (%) (%) (umol/g
pulp)
(1) 4%S02 200°C 0 0 478 0.1 03 06 49 1.6
(2) 12% NaSOs3 140 °C
20 min, 4% S0,200°C O 02 672 26 139 06 164 33 113
5mins
(3) 8% Na>SO3 140 °C 20
min, 2% SOz 200 °C 0 0 68 3 8.6 08 18 3.4

5mins
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Table 18 The monomers and oligomers present in the liquid fraction of two steps (alkali
followed by acid) sulfite steam pretreated lodgepole pine substrates 25% solid loading whole

slurry.

Glu Glu Xyl Xyl Man Man
Glucose Mannosedelignifi

Substrates Mono Olig Mono Olig Mono Olig
recovery recovery cation

(L) (L) (@@L (L) (L) (L)

4% SO, 28.2 7.1 11.2 2.2 17.7 8.9 98% 75% 0.1%
12%

-0.05 2.3 2.3 2.2 1.9 44  104% 105% 61%
Na2SO3+4%S0;

The two-stage pretreatment appeared to provide benefits, especially for hemicellulose
recovery and the sugar concentration obtainable during enzymatic hydrolysis. However, when
analyzing the hydrolysis yields for each of the substrates after a washing step, it was evident that
the two-stage sulfonated substrates could not reach the hydrolysis yields of the 4% SO, steam
pretreated control substrates at a 25% solid loading. This result is similar to the observations
made in section 3.1, when comparing the hydrolysis of the SO steam pretreated substrate to the
carbohydrate rich dissolving pulp, where a higher sugar concentration was obtained when
hydrolyzing the dissolving pulp at a lower overall cellulose conversion yield. The potential end-
product inhibition at the high sugar concentrations obtained at a 25% solids loading was thought
to be the main factor limiting the enzymatic hydrolysis of the carbohydrate rich dissolving pulp
substrate. As well as end-product inhibition, when hydrolyzing substrates at a high solids
loading, numerous studies have shown that the ability to rapidly liquefy the substrate slurry is the

key factor influencing the hydrolysis yield (Hoyer, Galbe, & Zacchi, 2013; Jung, Kim, & Kim et
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al., 2013; Modenbach & Nokes, 2013). It was apparent that the two-stage sulphite treated
substrates required 48 hours to liquefy compared to 24 hours in the case of the 4% SO, steam
pretreated control (Table 19). Previous work has also shown that the length of the fibres can
influence the ease of liquefaction of pretreated substrates, as longer fibres have been shown to
require a longer time for liquefaction (van der Zwan et al., 2017). Therefore, the better fibre
separation imparted by the sulphonation which resulted in longer long fiber length of the newly
developed substrates could also be responsible for the longer time that was required for the two-
stage pretreated sulphite samples to be liquefied (Table 19).

As well as the cleaner fibre separation which created longer fibres, the higher retention of
mannan in the water insoluble substrate also poses challenges for enzymatic hydrolysis. It is well
known that the fortification of cellulase cocktails with xylanases can result in significant
increases in enzymatic hydrolysis yields (Hu, Chandra, et al., 2015; Hu, Gourlay, et al., 2015).
Since the main substrates currently being investigated by the initial commercial cellulosic
ethanol companies are agricultural and hardwood biomass, xylanases have been researched
extensively and are available as part of the existing cellulase cocktail or can be readily obtained
(Mohanram, Amat, & Nain et al., 2013). However, since softwoods have been investigated less
frequently, mannanases likely do not currently constitute a significant portion of the
conventional commercial cellulase preparations. Previous work has shown that the separation of
fibres under acidic conditions such as the use of acidic organosolv vs. alkaline kraft pulping can
decrease fibre length and solubilize hemicellulose (Del Rio, Chandra, & Saddler, 2010).
Therefore, the next set of pretreatments investigated the effects of increasing the acidification of
the second pretreatment step to potentially decrease the fiber length and dissolve the

hemicellulose.
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Table 19 Liquefaction time of 25% solid loading two stages sulphite steam pretreated substrates
with 12% Na»SOz and 4% SO.. The final pH and the fiber length of the substrates were also
shown. The 4% SO, steam pretreated substrate was selected as the control.

Liquefaction time Fiber length Fiber width

Substrates pH
(day) (mm) (Hm)
4% SO 1 0.4 27.3 1.6
12% Na2SOs3 + 4% SO 2 1.5 30.4 3.3

Two treatments were applied employing sulphite loadings of 8 and 10% during an initial
steaming stage with second steaming stages using loadings of 5.5 and 6% SO respectively. The
pH of the pretreatment was decreased to 2.5 in the case of the treatment using 8% sodium
sulphite and 5.5% SO, which resulted in the dissolution of a greater amount of hemicellulose
into the water soluble fraction (Table 20, 21). Consequently, the water insoluble fraction was
composed of only 7% mannan which was far lower than the initial experiments where the

substrate was composed of up to 14% mannan (Table 18).
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Table 20 Components of a series of two steps of (alkali followed by acid) sulfite steam

pretreated lodgepole pine substrates and the pH and acid groups of these substrates.

Acid group
Ara Gla Glu Xyl Man ASL AISL
Samples pH (umol/g
(%) (%) (%) (%) (%) (%) (%)
pulp)
(1) 10% Na>SOz 140°C 20min,
0 03 704 33 100 07 142 32 146
6% SO2 200°C 5mins
(2) 8% Na2SO3 140°C 20min,
0 02 716 28 73 10 172 26 99
5%S0- 200°C 5mins
(3) 6%Na2CO3+6%S02 140°C
0 02 695 27 64 06 194 27 115

20mins, 4%S0O, 200°C,5mins
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Table 21 Monomers and oligomers of a series liquid fraction of two steps (alkali followed by

acid) sulphite steam pretreated lodgepole pine substrates 25% solid loading whole slurry.

Glu Glu Xyl Xyl Man  Man Glucose Mannosedelignif

Substrates
Mono Olig Mono Olig Mono Olig recoveryrecovery ication
(1)10%Na2SO3+6
0.07 6.0 4.2 51 4.1 118 100% 108%  66%
%S0;
(2)8%Na2S03z+5.5
0.1 5.0 4.0 5.4 3.3 10.9
%S0;
(3)6%Na2CO3+6%
0.2 4.0 2.9 4.7 2.4 7.9
SO2+4%S0>

The total measured sugar recovery of these substrates was close to 100% which indicated
that lowering the pH of the treatment did not sacrifice the recovery of the hemicelluloses. The
treatment using 10% sulphite and 6% SO- in two stages also resulted in a delignification of 66%
which is similar to the samples treated with 12% sulphite and 4% SO (Table 18). The hydrolysis
of the two-stage substrates at a solid loading of 25% resulted in glucose concentrations of > 150
g/L glucose using the whole slurry which was also similar to the substrates in the previous
section (Figure 39).

All of the two-stage sulphite steam pretreated substrates from the current and previous
section were washed and subjected to enzymatic hydrolysis at a solids loading of 5% and

compared to the hydrolysis of the SO, steam pretreated control. The results showed that the
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hydrolysis yields obtained with all of the two-stage pretreated substrates was lower than that of
the SO, steam pretreated control sample (Figure 40). It should be noted that, even when reducing
the solids loading to as low as 5%, the two-stage sulphite treated samples had only a limited
capability to be agitated. The two-stage sulphite steam pretreated softwood absorbed the buffer
and was thus difficult to agitate during enzymatic hydrolysis at 5% solids, while the SO, steam
pretreated substrate began the hydrolysis at 5% solids as a liquefied slurry and thus essentially

had a “head-start” for the enzymatic hydrolysis.
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Figure 39 Hydrolysis efficiency of a series of two steps (alkali followed by acid) sulphite steam
pretreated whole slurry and washed substrates at 25% solid loading. The enzyme loading in

hydrolysis was 40 mg Ctec-3 enzymes/g glucan.
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Figure 40 The enzymatic hydrolysis of washed two stages sulfite steam pretreated lodgepole
pine with 5% solid loading at Ctec3 dosage of 15 mg protein per g cellulose for 48 h. The two
stages sulfite steam pretreatment was first conducted under alkali condition with sulfite pre-

impregnation (6-12% Na>SOs loading) at 140 °C for 20 mins, followed by a second stage acidic

condition treatment with the addition of various amount of SO» at 200 °C for 5 mins.

Although the two-stage sulphite pretreated samples were challenging to agitate, the
water soluble fractions resulting from these substrates were virtually devoid of acetic acid
furfural or HMF (Table 22). In the case of acetic acid, the initial alkaline sulphite pretreatment
stage likely removed the acetyl groups from the softwood hemicellulose, as softwood
hemicellulose are less acetylated compared hardwoods. The furfural and HMF are products of
the acidic dehydration of the biomass carbohydrates, thus the low concentration of these
inhibitors was likely a consequence of the virtual complete recovery of the cellulose and
hemicellulose. Therefore, likely due to the low levels of inhibitors compared to the control, the

two-stage pretreated substrates treated with either, 12% Na>SOsz and 4% SO; or 10% Na»>SOs and
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6% SO were readily fermented to obtain an ethanol concentration of 80 g/L using the whole

slurry (Figure 41).

Table 22 Inhibitor profiles of a series of two steps of (alkali followed by acid) sulfite steam

pretreated lodgepole pine 25% solid loading whole slurry.

Total
Acetic acid Furfural HMF
Substrates phenolics
(9/L) (/L) (g/L)
(g/L)
4% SO; 8.2 3.2 1.6 4.7
12% NaxSO03+4% SO- 0.91 0.27 0.19 7.6
10% Na2S03+6% SO- 1.3 0.34 0.17 10.6
8%Na2S03 + 5.5% SO- 1.5 0.48 0.23 8.8
8% Na2S03 +2% SO2 1.2 0.2 0.19 7.5
6%Na2CO3+6%S02+4%S0> 1.5 0.42 0.35 7.2
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Figure 41 The fermentation performance of 25% solid loadings whole slurry hydrolysates that
were treated by two steps sulphite steam pretreated substrates with Na SOz in the first step and
SO; in the second step. Initial cell density in fermentation was OD 6.5. Control is 4% SO: acid

steam pretreated 25% solid loading whole slurry.

3.4.2.2 Elucidating substrate characteristics to develop strategies to improve enzymatic
hydrolysis yields of two-stage sulphite pretreated softwood biomass

The substrate characteristics of the two-stage sulphite pretreated substrates were analyzed
in order to obtain a greater understanding of the attributes that would require alteration in order
to improve the enzymatic hydrolysis of these substrates. The lignin removal and fibre length data
showed that the reactions of sulphite and lignin enabled better fibre separation and thus longer
fibres, especially at the conditions that were more alkaline (Table 19, Table 23). The SEM
images also showed that the substrate fibres appeared to be quite long compared to the 4% SO
steam pretreated substrate (Figure 42). As mentioned earlier, several studies have shown that
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longer fibres are more difficult to liquefy due to their increased likelihood to entangle and limit
mixing (Lavenson et al., 2012). As well as fibre length, the degree of polymerization of cellulose
(DP) has been shown to play a significant role in influencing the ease of hydrolysis and
liquefaction of biomass. The DP values of the substrates were markedly different as the DP of
two-stage sulphite pretreated substrates was 9-fold higher than that of the 4% SO, steam
pretreated substrate (Table 23). The characterization of the substrates also showed the two-stage
pretreated substrates had a higher accessibility during the water retention value and Simons

staining measurements.

Table 23 Characterizing the two steps (alkali followed by acid) of sulphite steam pretreated

Water
Fiber length  Fiber width Simon
Samples DP  retention
(mm) (um) stain

value

4% SO» 0.41 27.3 80.9 197 150%
12%Na2S03 + 4% SO: 1.55 30.4 111.2 1757  170.19%
10% Na2SOs3 + 6% SO2 1.53 30.8 113.2 1694 173.64%
8% NaS0O3 +5.5% SO2 1.50 31.2 109 1655 184.51%
6%Na2CO3 +6%S02+4%S0; 1.60 325 109.2 1664 167.93%
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4% SO acid steam pretreatment Aicd sulphite steam pretreatment
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Figure 42 The FE-SEM imagines of the traditional SO catalyzed and the two stage sulfite steam
pretreated lodgepole pine substrates. The two stage sulfite steam pretreatment was firstly
conducted at the alkali condition with sulfite pre-impregnation (12% Na,SOs loading, 6%
Na>COs3 with 6% SO loading, 8% Na>SO3z loading, 8% NaHSOs loading) at 140 °C for 20 mins,
followed by a second stage acidic condition treatment with the addition of 4% SO2 or 3% H2S04
or 2% H>S04 at 200 °C for 5 mins.
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Another limitation of enzymatic hydrolysis at high solids is the inability to mix the
substrate slurry since the hygroscopic nature of lignocellulosic biomass consumes water in the
slurry and decreases the mobility of the substrate fibres. This phenomenon has been referred to
as the “solids effect” in research investigating methods to overcome difficulties encountered
during the hydrolysis of lignocellulose at high solids loadings (Kristensen et al., 2009).
Jorgensen et al. reported that a horizontal mixer can be used to improve the mix-ability of high
solids slurries for enzymatic hydrolysis (Jargensen, Vibe-Pedersen, & Felby, 2007). Therefore,
in an effort to improve the mixing of the two-stage sulphite pretreated biomass, the enzymatic
hydrolysis of the whole slurries was performed in a horizontal mixer at a 25% solids loading and
an enzyme loading of 40 mg protein/g cellulose. The hydrolysis in the horizontal mixer rotating
at 10 rpm was compared to the hydrolysis yields obtained in the lab shaker at 150 rpm. Under
these conditions it was apparent that, despite the difference in mixing speed, the horizontal mixer
obtained similar hydrolysis yields to the shaking incubator (Figure 43). When applying the two
mixers to the washed substrates, the horizontal mixer was unable to improve the hydrolysis of
two stage pretreated substrates, thus the yields of the washed two-stage pretreated substrates

were still lower than the washed SO- steam pretreated control.
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Figure 43 The effect of horizontal mixing on the enzymatic hydrolysis of 25% solid loading
washed and unwashed two stages sulfite steam pretreated lodgepole pine whole slurry at Ctec-3
dosage of 40 mg protein per g cellulose for 48 h. The two stages of sulfite steam pretreatment
was firstly conducted at the alkali condition with sulfite pre-impregnation (12% Na>SO3

loading), followed by a second stage acidic condition treatment with the addition of 4% SOs..

As discussed above, one of the possible reasons for the poor hydrolysis of the two-stage
sulphite pretreated substrates was their high retention of mannan, as current cellulase
preparations likely do not contain an abundance of mannanases. It should be noted that the
hydrolysis reactions performed thus far using the Ctec-3 enzyme did not result in the hydrolysis
of the mannan component of the substrates when an enzyme loading was 40 mg protein/g glucan
was applied. Therefore, accessory enzymes were supplemented at a loading of 10 mg protein/g

cellulose. The mannanase that was utilized in this work has been shown previously to have
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difficulty in hydrolyzing mannan associated with lignin which is likely to be the case for the
substrates being tested in this work (Alvarez-Vasco & Zhang, 2017; Du et al., 2014). As
anticipated, the addition of the mannanase had a limited effect on the overall sugar concentration

in the hydrolyzates (Figure 44).
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Figure 44 The effect of mannanase supplementation (10 mg/g cellulose) on the enzymatic
hydrolysis of washed two stage sulfite steam pretreated lodgepole pine with 5% solid loading at
Ctec-3 loading of 15 mg protein per g cellulose for 48 h. The two stages sulfite steam
pretreatment was firstly conducted at the alkali condition with sulfite pre-impregnation (8% and
12% Na>SO3z loading) at 140 °C for 20 mins, followed by a second stage acidic condition
treatment with the addition of 5.5% or 4% SO at 200 °C for 5 mins.

Additional experiments with accessory enzymes were performed on the washed
substrates at 5% solids and an enzyme loading of 15 mg CTec-3/g cellulose or 15 mg CTec-3/g
cellulose with an additional 10 mg of the specified accessory enzyme/g cellulose. As mentioned

above, a high degree of polymerization of cellulose has been shown to inhibit liquefaction (van
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der Zwan et al., 2017). Therefore, it is possible that the high DP of the two-stage sulphite steam
pretreated substrates may have compromised the ease of hydrolysis of the substrates tested.
Endoglucanases are known to cleave cellulose at amorphous regions, resulting in an overall
decrease in the cellulose DP. However, similar to the results with the mannanase enzymes,
supplementing CTec-3 with additional endoglucanases did not enhance the overall cellulose
hydrolysis yields (Figure 45). Previous work has also shown that the addition of xylanases can
aid in the hydrolysis of mannan. The supplementation of CTec-3 with two different loadings of
xylanases showed that the supplementation of xylanases at a protein loading of 10 mg/g cellulose
had a limited effect on the enzymatic hydrolysis yields similar to the other enzymes added
(Figure 45). Increasing the protein loading of the HTec xylanase to 30 mg/g resulted in an
increase in the cellulose hydrolysis yield of 16% but had no effect on hydrolysis of mannan.
Therefore, the only case where the xylanase aided hydrolysis was when the xylanase loading (30
mg/g cellulose) was higher than that of the cellulase (15 mg/g cellulose). Since the substrates
contained less than 3.5% xylan, it is possible that the xylanases may have acted as a “blocking
agent” by binding to lignin to decrease non-productive binding of cellulases to the lignin in the
substrate as shown in previous work adding bovine serum albumin as a “lignin blocker” during
the enzymatic hydrolysis of lignocellulosic substrates (B. Yang & Wyman, 2006; Qing &

Wyman, 2011).
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Figure 45 The effect of mannanase, endoglucanase and xylanase (Htec-3) supplementation (10
mg/g or 30 mg/g cellulose) on the enzymatic hydrolysis of washed two stages sulfite steam
pretreated lodgepole pine with 5% solid loading at Ctec-3 dosage of 15 mg protein per g
cellulose for 48 h. The two stages sulfite steam pretreatment was first conducted at the alkali
condition with sulfite pre-impregnation (12% Na.SOz loading), followed by a second stage

acidic condition treatment with the addition of 4% SO».

3.4.2.3 Using sulfuring acid during the second steam pretreatment stage to reduce the
pretreatment to a pH less than 2.5

The newly developed substrates generated from the two-stage sulphite pretreatments
discussed thus far have resulted in sugar concentrations of greater than 160 g/L that were readily

fermentable to obtain ethanol concentrations of 80 g/L ethanol. However, it was apparent that
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the longer fibers, high hemicellulose content and DP of these substrates was quite high which
might have played a role in limiting the enzymatic liquefaction of the substrate at high solid
loadings. The enzyme cocktails utilized in this work were unable to hydrolyze the hemicellulose
in the mannan rich water insoluble substrates which decreases the potential amount of
fermentable sugars available from the two-stage sulphite pretreated substrates. Decreasing the
pH during pretreatments has been shown to decrease the fiber length and the degree of
polymerization of cellulose in the resulting substrate while simultaneously dissolving
hemicellulose (Pan, Xie, & Saddler, 2007). Therefore, H>SOs was used as a stronger acid to
substitute for the SO> that was added during the second steam pretreatment stage with the hope
of decreasing the pH to reduce fiber length and DP as well as increasing the solubilization of

hemicellulose (Figure 46).
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Figure 46 Flow chart of the two stages sulfite steam pretreatment. The first stage is conducted at
the alkali condition with Na>SOz pre-impregnation for the purpose of lignin sulfonation, while
the second stage is executed at acidic condition (pH=1.6) with H>SO4 addition for the purposes

of size reduction and further lignin sulfonation.
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Similar to the previous sections, the initial sulphite treatment was performed using 8%
Na>S0s, while 3% H>SO4 was applied to the treated chips in the second steam treatment stage
which decreased the final pH of the substrates from 3 to 1.6. It should be noted that the use of
H>SO4 reduced the final pH to the same value observed with the control substrates that used 4%
SO,. Visually, it was apparent that the decrease in pretreatment pH darkened the substrates
compared to the light colored substrates described in section 3.4.2.1(two stage sulphite
pretreatment). The compositional analysis showed that the lower pH increased the lignin content
of the water insoluble substrates from 16 to 26% which corresponded with a decrease in mannan
content from approximately 14 to 3% (Table 24). The decrease in mannan content of the water
insoluble substrate was likely due to increased hemicellulose solubilization at the lower
pretreatment pH, as the water soluble fractions from the substrates exhibited substantial increases
in soluble glucose and mannose (Table 25). The lower pH also decreased the overall recovery of
mannose to 87%, but the mannose recovery can still be regarded as high as compared to previous
work on the SO» catalyzed steam pretreatment of lodgepole pine where close to 70% of the
hemicellulose was recovered (Ewanick et al., 2007).

As well as utilizing sulphite in the first pretreatment stage, a second trial that was aimed
at reducing the pH even further used bisulphite in the initial pretreatment stage. The water
soluble streams resulting from the substrates utilizing bisulphite in the first pretreatment stage
had a final pH of 1.6 as compared to 1.8 in the case of the substrate that utilized sulphite (Table
24). Consequently, likely due to an increase in hemicellulose solubilization at the lower pH, the
lignin content of the water insoluble substrate increased and the hemicellulose recovery

decreased further to 80% (Table 25). It was also evident that the substrates underwent less
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delignification when H2SO4 was added in the second stage, likely because the addition of SO, at
the neutral/alkaline conditions at the conclusion of the first pretreatment stage allows for
additional sulphonation in the second pretreatment stage while H.SO4 does not actively
delignify, and at a pH <2 can actually condense the lignin (Sjostrom, 1993). The liquid fraction
generated bisulphite/sulfuric acid pretreatment contained 8.7 g/L glucose (both monomers and
oligomers) and 20.2 g/L mannose (total of monomeric and oligomeric) (Table 25). Depending
on the ease of hydrolysis of the water insoluble substrates and the fermentability of the sugars
solubilized under the acidic conditions, it was hoped that the potential increase in total sugars
would result in a higher overall ethanol concentration.

Table 24 Components of a series of two steps of (alkali followed by acid) sulphite steam

pretreated lodgepole pine substrates and the pH and acid groups of these substrates.

Acid
Ara Gla Glu Xyl Man ASL AISL groups
Samples pH
(%) (%) (%) (%) (%) (%) (%) (um/g
substrates)
(1) 4% SO2 200 °C, 5 mins 0 0 478 01 03 06 49 1.6

(2) 12% Na2SO3 140 °C, 20 mins,
0 02 672 26 139 26 164 33 113
4% SO, 200, 5 mins

(3) 8% NaS03 140 °C, 20 mins,
003 003 69 187 29 16 26.0 1.9 53
3% H»S04 200°, 5 mins

(4) 8% NaHSO3s 140 °C, 20 mins,
002 007 655 13 22 18 305 16 33
296 H,S04 200 °C, 5 mins
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Table 25 Monomers and oligomers of a series liquid fraction of two steps (alkali followed by

acid) sulphite steam pretreated lodgepole pine substrates 25% solid loading whole slurry.

Glu Glu Xyl Xyl Man Man
Glucose Mannose Delignif

Samples Mono Olig Mono Olig Mono Olig
recovery recovery -ication

(@L) (L (@L (@L (@L (@)

(1)4% SO, 282 71 112 22 177 89  98%  79%  0.1%
(2)129%Na,SOs

005 2.3 2.3 2.2 1.9 44  104%  105%  61%
+4%S0;
(3)8%Na,S03

6.0 6.5 75 52 110 110 103% 858%  44%
+39%H,S04
(4)8%NaHSOs

3.4 5.3 6.2 45 86 117  99%  805%  40%
+296H,S04

(5)Acid sulphite
0.6 3.3 1.5 0.6 2.5 4.8 87% 67% 33%
steam pretreatment

As mentioned above, the goals of decreasing the pretreatment pH was too decrease the
fibre length and cellulose DP of the substrates as decreases in the length and DP have been
shown to benefit enzymatic liquefaction at high substrate solids loadings (van der Zwan et al.,
2017). It was apparent that the acidic conditions decreased the fibre length from the range of 1.5
mm in the case of the two stage Na,SO3-SO- to 0.48-0.49 mm which was quite similar with the
control 4% SO, steam pretreated substrate (Table 23 and 26). The measured degree of

polymerization as estimated by the intrinsic viscosity measurement decreased to values between
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370 and 380 which was a substantial decrease compared to the two stage Na.SO3-SO; pretreated
substrates which had DP values of 1756 (Table 26). In addition to the decrease in DP and fibre
length, in particular, the water retention value of the two-stage Na>SOs-3% H2SO4 pretreated
substrate was also increased compared to the other pretreated substrates which indicated a
potential increase in the hydrophilicity and porosity of the two-stage Na>SO03-3% H2SO4
pretreated substrate. Scanning electron microscopy showed that the substrates from the two stage
Na2S03-3% H.SO4 and the two stage NaHSO3-3% H>SOs also underwent fibre separation
similar to the two stage Na>SO3-SO» pretreated substrates despite their shorter fibre length. The
sulfonic acid groups measured on the substrate showed that the two stage Na;SO3-3% H2SO4 and
the two stage NaHSO3-3% H2>SO4 treatments were both capable of sulfonating lignin but not to
same extent as the two-stage Na>SO3-SO; pretreated substrate (Table 24). Therefore, it is likely
that the initial sulphite/bisulphite steam pretreatment stage modified the lignin component to
allow fibre separation, while the second sulfuric acid stage solubilized hemicellulose as well as
decreasing DP and fibre length similar to conventional SO catalyzed steam pretreatment (Table

24, Figure 47).
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Table 26 Characterizing the substrates that were generated from two steps of sulphite steam

pretreatment with the sulfuric acid in the second step.

Water
Fiber length  Fiber width  Simon
Samples DP retention
(mm) (um) stain

value

4% SO> 0.41 27.3 80.9 197 150%
12% Na2SOs3 + 4% SO2 1.55 30.4 111.2 1757 170.2%
8% NazSO3 +3% H2S04 0.48 28.7 85.9 379 201.7%
8% NaHSO3 +2% H2S04 0.50 29.3 94.3 373 151.6%
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Figure 47 The FE-SEM imagines of the traditional SO, catalyzed and the two stages sulfite
steam pretreated lodgepole pine substrates. The two stages sulfite steam pretreatment was firstly
conducted at the alkali condition with sulfite pre-impregnation (12% Na>SOs loading, 6%
Na2CO> with 6% SO- loading, 8% Na>SOs loading, 8% NaHSO3 loading) at 140 °C for 20 mins,
followed by a second stage acidic condition treatment with the addition of 4% SO2 or 3% H2SO4
or 2% H>SO4 at 200 °C for 5 mins.
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The hydrolysis of the substrates was initially tested in the whole slurry configuration
using a 25% solid loading and an enzyme loading of 35 mg enzyme/ g glucan. The hydrolysis of
the two-stage Na>SO3-3% H>SOs substrate resulted in a glucose concentration of 150.7 g/L
compared to a glucose concentration of 137.6 g/L in the case of the NaHSOz-3%-H>SO4
(including sugars solubilized during the pretreatment) (Figure 48). Although both of these values
were higher compared to the control SO; steam pretreated biomass, these values were lower than
substrates generated from the two-stage Na,SO3-SO- pretreated substrates. It was apparent that
reducing the pH of the treatment actually decreased the glucose yield during the whole slurry
hydrolysis. It should be noted that the decrease in pH and solubilization of hemicellulose
actually increases the overall lignin content of the substrate. As mentioned above, the use of
strong sulfuric acid during the second pretreament stage to reduce the pH below 2 minimalizes
the chance of additional delignification occurring during the second pretreatment stage compared
to the sulfur dioxide used in the previous section that was added to bring the pH to a low of 3
where delignification can still occur. It has been shown during sulphite pulping studies that
conducting sulphonation at pH values of 1- 2 also increases the likelihood of lignin condensation
rather than delignification (Sjostrom, 1993). To analyze this effect further, the two-stage sulphite
pretreated substrates were washed and hydrolyzed at a solids loading of 5% (Figure 49). It was
evident that although the hydrolysis of the two-stage sulphite (alkaline-acid) steam pretreated
whole slurries at 25% solids resulted in higher sugar concentrations than the SO, steam
pretreated control, the hydrolysis of the washed substrates was more challenging likely because
of the originally reserved higher carbohydrate content of the two-stage sulphite pretreated

substrates.
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Figure 48 The enzymatic hydrolysis of 25% solid loading two stages sulfite steam pretreated
lodgepole pine whole slurry at Ctec-3 loading of 40 mg protein per g cellulose for 48 h. Two
kinds of two stages sulfite steam pretreatment were assessed. 1)The substrates was first
conducted at the alkali condition with sulfite pre-impregnation (8% Na>SO3z loading) at 140 °C
for 20 mins followed by a second stage acidic condition treatment with the addition of 3% H2SO4
at 200 °C for 5 mins. 2) The substrates was first conducted at the alkali condition with bisulfite
pre-impregnation (8% NaHSOs loading) at 140 °C for 20 mins, followed by a second stage
acidic condition treatment with the addition of 2% H>SO4 at 200 °C for 5 mins. The 4% SO acid

steam pretreated substrate was selected as a control.
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Figure 49 The enzymatic hydrolysis of 5% solid loading two stages sulfite steam pretreated
lodgepole pine whole slurry at Ctec-3 loading of 15 mg protein per g cellulose for 48 h. Two
kinds of two stages sulfite steam pretreatment were assessed. 1)The substrates was first
conducted at the alkali condition with sulfite pre-impregnation (8% Na>SOs loading) at 140 °C
for 20 mins followed by a second stage acidic condition treatment with the addition of 3% H2SO4
at 200 °C for 5 mins. 2) The substrates was first conducted at the alkali condition with bisulfite
pre-impregnation (8% NaHSOs loading) at 140 °C for 20 mins, followed by a second stage
acidic condition treatment with the addition of 2% H>SO4 at 200 °C for 5 mins. The 4% SO acid

steam pretreated substrate was selected as a control.

The water soluble fractions were characterized for their content of fermentation
inhibitors. It was apparent that the two-stage sulphite pretreatments using either SO2 or H2SO4
during the second pretreatment stage decreased the amount of furan inhibitors (furfural and 5-
hydroxymethylfurfural) compared to the control steam pretreatment. As mentioned earlier, the
likely explanation for the decreased amount of furans was the increased cellulose and
hemicellulose recoveries achieved using the two-stage sulphite treatments and the reported
ability of sulphite to reduce furan inhibitors (Cavka et al., 2011). Unexpectedly, the total amount
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of phenolics in the water soluble fraction was also quite low. As the acidity was increased, this
may indicate an increase in the amount of re-condensation of lignin that occurred under the acid

conditions utilized in the second pretreatment stage (Table 27).

Table 27 Inhibitor profiles of a series 25% solid loading whole slurry of two steps of sulphite
steam pretreated lodgepole pine. The 4% SO> acid steam pretreated lodgepole and two steps
(alkali followed by acid) sulphite steam pretreated substrates were selected as controls.

Acetic acid Furfural HMF Total phenolics
Samples
(g/L) (g/L) (g/L) (9/L)
4% SO; 8.2 3.2 1.6 4.7
12% NaxSO3+4% SO 0.91 0.27 0.19 7.6
8%Na2S03+3%H2S04 1.4 0.43 0.21 15
8%NaHSO3+2%H2SO04 2.6 0.88 0.6 1.2

The fermentability of the two-stage sulphite pretreated substrates (alkali sulphite and
acid) using the whole slurry at a solids loading of 25% solid loading was tested by initially
hydrolyzing each substrate using an enzyme loading of 40 mg / g glucan for 3 days prior to the
addition of yeast to initiate the SSF process. It was apparent that the fermentation of the two-
stage sulphite-H2SO4 substrates described in this section resulted in ethanol concentrations
ranging from 75 to 77 g/L which was slightly lower than those obtained when fermenting the
two-stage sulphite-SO, steam pretreated substrates but still higher than the control SO steam

pretreated softwood whole slurry that was virtually un-fermentable (Figure 50). The hydrolysis
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of the washed two-stage acid-alkaline sulphite steam pretreated substrates was comparable or
slightly lower than the SO, steam pretreated control. However, the hydrolysis challenges appear
to be outweighed by the benefits of retaining a greater amount of sugar in the water insoluble
substrate. This likely limited the formation fermentation inhibitors which allowed for the
production of softwood derived ethanol at concentrations of >80 g/L using the two-stage sulfite

steam pretreated substrates.
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Figure 50 Comparing the ethanol production profile of strain T in the 25% solid loading two
stages sulfite steam pretreated lodgepole pine whole slurry hydrolysate with different treatment
conditions. The two stage sulfite steam pretreatment was first conducted under alkali conditions
with either sulfite (8% and 10% Na»SOs loading) or bisulfite (8% NaHSOsz loading) pre-
impregnation at 140 °C for 20 mins, followed by a second stage acidic condition treatment with
the addition of 6% SO or 2-3% of H2SO4 at 200 °C for 5 mins. The enzymatic hydrolysis was
performed at a Ctec-3 loading of 40 mg protein per g cellulose for 48 h. The yeast concentrations

(cell optical density: OD) were 6.5.
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3.4.24  Conclusions

The work in the last two chapters showed that sulphite treatment carried out in an
alkaline environment improved the extent of sulphonation (with lower sulphite loading).
However, this alkaline-type sulphite treatment was insufficient to allow for; sufficient fibre
separation, hemicellulose dissolution and a reduction in particle size and cellulose DP, which
should result in enhanced liquefaction at high solids loadings. Therefore, a two stage steam
pretreatment was employed utilizing sulphite in an initial alkaline steam pretreatment stage. This
allowed the retention of hemicellulose while modifying lignin when either sulfur dioxide or
sulfuric acid was added in a second steam pretreatment stage to acidify the reaction. The
acidification using SO, decreased the pH to 3 and provided enhanced sulphonation. This
enhanced fibre separation, but still retained most of the mannan component and had longer fibres
and high cellulose DP compared to the conventional sulfur dioxide steam pretreated lodgepole
pine. Therefore, sulfur dioxide was substituted with sulfuric acid in the second pretreatment
stage. This decreased the fibre size and cellulose degree of polymerization while solubilizing
hemicellulose. However, it was apparent that the use of sulfuric acid decreased the total amount
of lignin sulphonation as these more acidic substrates had a lower amount of sulfonate groups
per gram of lignin and also may have compromised the amount of lignin removal during the
second pretreatment stage. Regardless, a final concentration of 160 g/L of fermentable sugars
and 80 g/L ethanol could be obtained when a two stage (alkali and acid) sulphonation of
pretreated lodgepole pine was carried out a relatively low enzyme loading of 40 mg Ctec-3/g
glucan.

The most useful substrates that were produced employed a two stage sulphite-sulfur

dioxide steam pretreatment which retained and recovered almost all of the mannan in the
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biomass. The ability to enzymatically hydrolyze the mannan in this substrate through the use of
an effective mannanase may allow for the liberation of these mannan derived hexose sugars for

subsequent fermentation to increase ethanol yields even higher than the 80 g/L achieved in this

work.
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Chapter 4: Conclusions and Future Work

4.1 Conclusions

Sugar/starch based conventional/first generation bioethanol production routinely uses a
high gravity fermentation approach to result in ethanol concentrations of 10-15% (v/v), and
yields of >90% within a relatively short period of time (6-10 hours). In contrast, the production
of biomass-derived/second generation bioethanol has proven to be more challenging due to
several reasons. These include the relatively low sugar concentrations resulting from the
enzymatic hydrolyze of the recalcitrant, biomass substrate, and the influence of pretreatment
derived inhibitors that limit effective fermentation of the biomass derived sugars. Although
softwoods are recognized to be much more recalcitrant than hardwoods or agricultural derived
biomass, it was hoped that the predominant hexose composition of softwood hemicellulose
would help in the ready fermentation of the combined cellulose and hemicellulose streams
during fermentation. The major goal of the thesis work was to integrate sulphite treatments prior,
during and after steam pretreatment to enhance the effectiveness of the enzymatic hydrolysis of
the whole cellulose and hemicellulose derived slurry and the fermentation of the derived sugars.

Initially, the challenges associated with the high residual lignin and high fermentation
inhibitors were assessed using a 25% solid loading steam pretreated whole slurry with a model
substrates dissolving pulp as control. It was shown that, compared to the predominantly cellulose
containing dissolving pulp, the steam pretreated lodgepole pine whole slurry consumed 3 times
more enzyme to achieve similar sugar concentration due to the high content of condensed lignin.
Some of the initial fermentation strategies such as strain selection, nutrient supplementation and

high cell density also were tested for their potential to deal with fermentation inhibitors. It was
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shown that Saccharomyces cerevisiae strain T, at a cell density of OD 13, could result in an
ethanol productivity of 7.7 g/L.h. However, the fermentablity of whole slurry hydrolysate was
still quite problematic even if these fermentation conditions were optimized.

Previous work had shown that sulphite, when used at elevated temperatures, could
sulphonate the lignin, likely increasing cellulose accessibility while also decreasing the lignin
components inhibitory effect on enzymatic hydrolysis. Although sulphonation aided in
enhancing the enzymatic hydrolysis of the cellulose fraction, to achieve higher sugar
concentrations the hemicellulose rich water soluble fraction was combined with the cellulose
derived sugars. However, “whole-slurries” at a solids loadings of >20% were not readily
fermented, likely due to inhibitors associated with the biomass sugar streams.

As other work had shown the potential of sulfite treatments to help detoxify biomass
derived sugar streams, post-pretreatment sulphonation was assessed to see if it could
simultaneously enhance the hydrolysis of the whole slurry, containing both cellulose and
hemicellulose, and the fermentation of the softwood derived sugars. However, little sulphonation
was observed when the reaction carried out at room temperature, although fermentation was
slightly enhanced. At higher temperatures (70 °C, 121 °C, 160 °C), although sulphonation did
occur when high sulfite loadings were used this resulted in a decrease in enzymatic hydrolysis
and sugar fermentation due to the poison effects of sulphite to both enzymes and yeast. To try to
enhance the beneficial effect of sulphonation and while decreasing chemical loading
sulphonation was subsequently carried out in an alkaline environment through the addition of
sodium carbonate. It was shown that a sulfite post treatment with 8% sulfite and 2% carbonate at
70 degree for 12 hrs resulted in the production of 107.6 g/L glucose and 13.3 g/L mannose which

could be converted to 56.4 g/L ethanol.
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To try to maximize the beneficial influence of sulfite treatment on the softwood chips,
potential approaches to implement sulphite treatment during steam pretreatment process were
assessed. It was thought that, compared with the condensed lignin in the steam pretreated
softwood, the native lignin in the softwood biomass could be readily sulfonated during steam
pretreatment. Although the use of alkaline conditions maximized sulphonation of the biomass,
surprisingly, the ease of hydrolysis of the resulting substrates was not improved compared to the
conventional SO steam pretreated control due to the insufficient fiber separation. Therefore, in
order to achieve a better fibre separation, size reduction and lignin modification, the subsequent
work utilized an acidic sulphite approach. It was apparent that the combination of sulfuric acid
and sodium bisulphite was an effective combination in the steam gun when using a single high
temperature (>210 °C) pretreatment stage. The new approach was more effective in separating
fibres than the neutral/alkaline conditions while providing lignin sulphonation as well as
enabling the hydrolysis. In addition, considerably lower amounts of fermentation inhibitors
resulted from sulphonation prior to pretreatment. This resulted in an obvious improvement in
whole slurry fermentation with 48.5 g/L ethanol detected. This surpassed the fermentation of the
SO, steam pretreated softwood whole-slurry that was shown to be virtually un-fermentable in
Chapter 1.

The previous work in this thesis showed that sulphite treatment carried out in an alkaline
environment improved the extent of sulphonation (with lower sulphite loading) but the acid type
sulphite treatment was more efficient to allow for sufficient fibre separation, hemicellulose
dissolution and reductions in particle size and cellulose DP to enhance liquefaction at high solids
loadings. Therefore, a two stage steam pretreatment was employed utilizing sulphite in an initial

alkaline steam pretreatment stage which retained hemicellulsoe while modifying lignin while
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either sulfur dioxide or sulfuric acid was added in a second steam pretreatment stage to acidify
the reaction. Acidification, using SOz decreased the pH to 3 and provided enhanced
sulphonation and enhanced fibre separation while still retaining most of the mannan component.
This material also had longer fibres and a higher cellulose DP compared to the conventional
sulfur dioxide steam pretreated lodgepole pine. Therefore sulfur dioxide was substituted with
sulfuric acid in the second pretreatment stage which further decreased the fibre size and cellulose
degree of polymerization while solubilizing hemicellulose. However, it was apparent that the use
of sulfuric acid decreased the total amount of lignin sulphonation as these more acidic substrates
had a lower amount of sulfonate groups per gram of lignin and also may have compromised the
amount of lignin removal during the second pretreatment stage. Regardless, a final concentration
of 160 g/L of fermentable sugars and 80 g/L ethanol could be obtained when a two stage (alkali
and acid) sulphonation of pretreated lodgepole pine was carried out a relatively low enzyme
loading of 40 mg Ctec-3/g glucan.

In summary, we assessed the potential of incorporating sulfite in the steam pretreatment
process either prior or after for the purpose of enhancing both the enzymatic hydrolysis and
biological fermentation. The work demonstrated that whole slurry sulfite post treatment was not
applicable due to the difficulty of finding the optimum sulfite loading. However, a two stage
sulfite-SO, steam pretreatment could generate a whole slurry substrate that retained and
recovered almost all of the glucan and mannan in the solid fraction in an easily hydrolyzed form.
This also resulted in smaller particle size, sufficient amount of lignin sulphonation and
delignification, as well as lower amount of fermentation inhibitors. Finally more than 80 g/L
ethanol could be produced from softwood biomass which is getting into the concentrations

currently produced by the first generation bioethanol industry.
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4.2 Future work

4.2.1 Does sulphonation of substrates reduce the loading required for effective enzymatic
hydrolysis?

It is recognized that sulphonation of lignin improves the overall accessibility of the
cellulose component to cellulases by swelling the pretreated substrate and decrease the lignin and
enzyme unproductive binding. Previous work has shown that, although enzymatic hydrolysis
was improved overall, when treatments such as sulphonation impart negative charges to the
lignin component, certain cellulase components become less effective because of the inherent
isoelectric point of each enzyme component(Nakagame, 2010). It was shown (Figure 51) that

particular enzyme components including EGl1land CBHI11 do not bind to lignin as effectively

when the lignin takes on an overall negative charge. Depending on the properties of amino acids,
the enzymes contain both acidic and basic functional groups. In a hydrolysis system at pH 5.0,
different enzyme components will be charged differently and/or to a varying extent based on
their isoelectric point (pI). Thus, the negatively charged sulphonated lignin will have a distinct
influence on each enzyme component during enzyme hydrolysis. In addition, most studies to
date have used early generation enzyme preparations such as Celluclast and Spezyme, which
may not represent a representative situation when the latest enzyme preparations (ex.
Novozymes’ CTec system) are applied (Nakagame, 2010; Nordwald, Beckham, & Kaar, 2014; Z.
Wang, Lan, & Zhu, 2013). These new enzyme preparations contain genetically modified
cellulase monocomponents as well as various accessory enzymes, where the properties of the
lignin could play a more significant role when the lignin is sulphonated. Better understanding the

influence of lignin sulphonation on the major groups of enzymes present in state-of-the-art
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enzyme preparation can provide us invaluable information to further customize the enzyme
cocktail for our post-treated lignocellulosic substrates to further reduce enzyme loadings to
achieve higher cellulose conversions. Therefore, in future work, the influence of lignin
sulphonation on the major group enzyme activities (ex. exo-glucanases/endo-glucanase/p3-
glucosidase/xylanases/B-xylosidase activities) in the latest enzyme preparation (Ctec-3) could be

examined during time course of hydrolysis.

M 1234 M

Electric charge of cellulase
B-Glucosidase I (pI 8.5)

EG III (Cel 12A, pl 6.8-7.4)

CBH I (Cel6A, pl 5.2, 5.9)
EGII (Cel5A, pl 5.5)

EGI (Cel7B, pl 3.9, 4.5,4.7)

EGII (Cel5A, pl 4.2)
B-Glucosidase (Aspergillus sp., pl 4.0)
CBH I (Cel7A, pl 3.6-3.9)

Figure 51 Cellulases adsorption to Protease treated lignin (PTL) isolated from different
pretreatment severities. M, IEF markers; lane 1, control (without the PTL); lane 2, PTL 190 °C;
lane 3, PTL 200 °C; lane 4, PTL 210 °C. Cellulases (0.34 mg/ml) and -glucosidase (0.09 mg/ml)
were incubated with 5 mg of PTLs in 500 ul of Na-acetate buffer (pH 4.8, 50 mM) at 50 °C for 3
h. Supernatants after centrifugation were collected, freeze-dried, and analyzed by IEF (pH 5-8).
This Figure was adopted from (Nakagame, 2010)
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4.2.2 A fed-batch approach to further improve high solids hydrolysis and fermentation
using sulphite steam pretreated softwood substrates

Although there have been many accounts showing successful utilization of the fed-batch
approach to increase sugar concentrations, most of this previous work did not use solids loadings
greater than 20% (Elliston et al., 2013; Gupta et al., 2012; K. Liu et al., 2010; Wanderley,
Martin, Rocha, & Gouveia, 2013). In addition, the previous work utilized substrates such as
steam pretreated corn stover or fully bleached Kraft pulps which are far less recalcitrant than
steam pretreated softwood biomass. In addition, it has been proven that the newly developed
substrates are quite difficult to liquefy. Therefore, future work could use novel approaches to
boost hydrolysis yield through the use of modified substrates and fermentation strategies
combined with fed batch approaches.

As reported before in the example by Liu et al. (Z.-H. Liu et al., 2014), there appears to
be a dramatic drop in hydrolysis yield when the solids loading is increased beyond 20%.
Therefore, we could conduct the initial hydrolysis at a 20% solid loading in the first batch
followed by fermentation and a second batch adding another 10% solid after the fermentation of
the first batch. This might result in an improved hydrolysis efficiency compared with that of one

batch hydrolysis with total 30% solid loading.
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Appendices

FTIR analysis of substrates to elucidate potential changes to lignin during two-stage
sulphite/bisulphite-SO2/H2SO04 steam pretreatments

Fourier transform infra-red (FTIR) analysis was also utilized to characterize the
substrates developed in this chapter. When steam pretreated using 4% SO (designated as control
steam pretreatment throughout the thesis) the substrate appeared to undergo several changes
indicative of lignin structural modifications especially in particular at peaks at 1598, 1511, 1450,
1270, 1140, 1030 cm™ (1598(Aromatic skeletal vibration + C=0 stretching), 1511(Aromatic
skeletal), 1450(C-H deformation (methyl and methylene)), 1270(C-O of guaiacyle ring),
1140(Guaiacyl C-H and syringyl C-H) cm™ ) when compared to the ground lodgepole pine
biomass (Figure 52). Increases in the intensity of these peaks has been shown to be due to
enrichment in guaiacyl type lignin structures. In contrast to the conventional to the steam
pretreated control, analysis of the substrates treated using the two-stage sulphite-SO, steam
pretreatment showed limited differences in their lignin structure (peaks in the 1200 and 1600
region). For the two stages sulphite steam pretreatment, it could decrease the bands near 1270
cm, which represents the C-O stretch in guaiacol rings. And this result might be due to the

cleavage of B-O-4 linkages during the sulphite steam pretreatment (Figure 52).
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Figure 52 The Fourier transform infrared spectroscopy (FTIR) spectrums of (A) two stages
sulfite steam pretreated lodgepole pine, (B) original lodgepole pine (without treatment) and (C)
traditional SO, catalyzed steam pretreated lodgepole pine. The two stages sulfite steam
pretreatment was firstly conducted at the alkali condition with sulfite pre-impregnation (10%
Na>SOs loading) at 140 °C for 20 mins, followed by a second stage acidic condition treatment

with the addition of 6% SO- at 200 °C for 5 mins.
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Figure 53 The Fourier transform infrared spectroscopy (FTIR) spectrums of (A) two stages

sulfite (8% Na2SOs followed by 3% H2S0O4), (B) two stages bisulfite (8% NaHSOs followed by

2% H>S0.) and (C) traditional SO catalyzed steam pretreated lodgepole pine.
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