University of Calabria A\ modeling

Faculty of Engineering — Department of EngineeringModeling
PhD Course in Environmental, Health and Eco-sustaiable Processes

Thesis

Optimization of pretreatment and enzymatic
hydrolysis in bioethanol production from
lignocellulosic biomass

Settore Scientifico Disciplinare ING-IND/24 — Pincipi di Ingegneria Chimica

Supervisors PhD Student
Prof. Vincenza CALABRO'’ Alessandr&RARDI
Dr. Isabella DE BARI Ciclo XXV

PhD Coordinator
Prof. Bruno DE CINDIO

A.A. 2010-2011



Non so come chiederti perdono, perché la menteta.rfeumente che non merita perdono.
Oh padre ..che per tanto tempo solo col tuo maegporni e giorni e notti di terrore,
come in una sequenza cerebrale ti vedo, solo, solo,
annegare tacendo nel tuo male...
Che ore nere devi aver passato, ore per dire aging vita,
fino a questo novembre disperato di vento freddérodda ingiallita,
padre ingiallito come fronda al fiato di tutto ieato freddo della vita.
Oh padre padre che conosco ora, soltanto ora daptetvita..!

~Patrizia Valduga~



Certe persone non sanno, quanto sia bello sempéinevederle...
Certe persone non sanno, quanto sia incoraggidrtea sorriso...
Certe persone non sanno, quanto sia importanteriavVicinanza...
Certe persone non sanno, quanto saremmo piu pegdaro non ci fossero...
Certe persone non sanno, di essere un Dono debCiel

Se non glielo diciamo non lo sapranno mai ...

~Colette Haddad~

A mia madre, a Laura e a Giuseppe



Index

T aoTe [V 4T ] o DRSO TSRS UPRTOPRPTOTORRIOt 7
I 01210 0 = V75N 9
T oo [U A Te] o 1= ST TP UR PP PRRPPPPRTPRO 11
Yo 410 T T PP P PR OPPT 14
1. Second generation bioethanol: a sustainable choice to mitigate climate change........ccccoovveeiirirnnnns 17
00 ) o Yo [0 o1 4o o STV PPUPRTOTIP 17
1.2 Climate change and greeNNOUSE BASES ....uuiiiiiiiccciiiiiieeeeccciree e e e e e eecrrre e e e e s s e st atrreeeeeeeesnsssaseeeasessnnnes 18
1.2.1 Climate Change and Carbon DIiOXIE ........cuuieiiiiiieeiiiee ettt e s e rvae e e sree e e snree e eeares 19
1.3 Automotive sector CO, reduction: the biofuel SOIUtION.......ccoovvveeeiiiiiiie e, 23
1.3.1 The importance of second generation BiofUEIS ...........coeeciieiiiiiiieiciiiee e 24
1.4 GHG emission: Life-Cycle comparative analysis among different biofuels..........ccccceeieeeciiiiennnennnins 25
R o] (ol [0 (o o L= P TPV PR O PRTOPIP 26
O 25 (=T €T o 1ol L TP STV UPRUPPTOPIP 27
2. Bioethanol production from Lignocellulosic BiOmMass .......ccueieeciieiiiiiiie e ccree e esree e evee e e evaee e e 31
2.0 INTPOTUCTION ..ttt st sttt st ettt et e s bt e s b e e sb e e s bt e smeeemeeeaneeaneereereeen 31
2.2 Structure of [IgnocellUloSE DIOMASS........ciiiiiiiie e e s ertr e e e s ba e e e e ta e e e sreeeeeenes 31
2.2.1 CIIUIOSE .ttt ettt ettt ettt e ebe e st e e e e be e e s abe et eshe e e eare e s be e e ahe e e sareeeareesbeeeenteesareean 32
2.2.2 HEMICEIIUIOSE ...ttt ettt sttt et e s e st e st e e sabeeesnteesabeesabeesneeesareesaneean 33
070 B X {1 o TN 35
2.3 Processing of lignocellulosic material to bioethanol...........cc.cooveiiiiiiiiii e 38
2.3.1 Pretreatment: the comparison between the main technologies employed..........cccccoveirvineennnns 39
2.3.2 Hydrolysis: cellulose degradation strategies by means acids or enzymes.........cccceeeecvveeeeecveeeennns 44

P TR I = 4 4 1= o1 =) o o o PSPPI 46
PR N 0] 4 Tol [V 1Y [ o T OO PO PSTPPTTOPP 47
2.5 REFEIENCES ...ttt b e sttt st s b et e b e bt e bt e bt s he e e be e e ae e et eane e re e reeen 47

3. Enzymatic Hydrolysis of Lignocellulosic Biomass: Current Status of Process and Future Perspectives.. 53

10 B 1) oo [F T AT o TP TP T TP TRO PR PRV 53
3.2 ClIUIASES ettt et sttt e e b e e e a e e e s be e e b et e e hr e e e re e e beeeenreenareesree e nares 53
3.2.1 Carbohydrate binding MOAUIE.......ccccoeiieeee e e e e e e e e e e rrrae s 54
I 01 - 11V Tol o o] o' F=1 [ o PSSR 55
I T R | (] g =Y =4 [ o TSP 55
3.3 Cellulolytic capability of organisms: Difference in the cellulose-degrading strategy........c..cccceeenneen. 56
3.4 Characteristics of the commercial hydrolytic ENzymMes.......cccuviiiiiiiii i 58
3.5 Enzymes for the cellulose liquefaction: Thermophilic enzymes ........coooeciiiieeeiiiccciee e, 61



3.6 IMMODIliZation Of @NZYMES......oii it e e e rtr e e s saba e e e eare e e s asbeeeennraeaeas 63
N A 00 Vol [T (o] KT 63
R U= =1 =] A To SN 64

4. Steam Pretreatment Optimization with impregnating agents for Sugarcane Bagasse for advanced

BioETNANOI PrOTUCLION. ..cc..iiiiiiiie ettt e sttt et b e sbeesaeesaeesmeesaneemeeenas 70
R [0 4 oo [¥ ot o o H PO PRSP RTUPPPPP 70
4.2 SUEArcane bagasse DIOMASS ....c.uuiiiiiiiieiiiiiie ettt e s e e et e e e e tbae e e e e abeeeesataeeesnreeeeenreeeeenres 70
4.3 SCB Bioethanol production process: Status of art.........cccuueeiii i 71

B B =Y 0 T = d o] Lo 1Y [ o USSPt 72
4.3.2 Fermentation step inhibitors in the steam exploSioNn .........ccoevicciiiiiiie e 73
4.3.3 Inhibitors of @nzymatic NYArolySiS.......cuviiiiiiiii et e e eerre e e seareeeeeaes 75
4.3.4 The Enzymatic hydrolysis conditions for assessment of pretreatment ..........cccecvveeiivieeeceiieeenn, 76
4.4 Aim of the work: Pretreatment Optimization ........cccueie i e e 76
o W o YT T 0 1T o =Y e [Ty F=d o SR USPROt 78
4.5 Materials and IMETNOMS .........eiiiiiiie et 79
4.5.1 RAW MATEIIALS ..eeiiiieitie ettt et s e st e e bt e e st e e be e e sabe e s bt e e sneeesnreesareeesnneesanes 79
4.5.2 ENZYMAtiC NYATOIYSIS cueviieiiiiie ettt et e et e e e ete e e e e sate e e s sbteeeeestaeeesntaeeeenseeaeennes 82
I 37 Y g =1 V2 TN 82
4.6 RESUILS @N0 DiSCUSSION.c..eeiuiiiiiiiiiieieeite ettt ettt ettt ettt et e s bt s bt eesbeesbeesaeesaeesaresanesanesaneeneebeeneen 83
4.7 Analysis of glucose concentrations and inhibitory compounds.........cccceeieeciiiiiee e, 93
4.8 Analysis of Xyl0S€ CONCENTIALION .....uuiiiiieii e e e e e e e rae e e e e e e e nrraaeeas 100
4.9 Final concentrations and yields of Glucose and Xylose in the various pretreatment conditions....... 102
O Y1 =T 4 V71 USSRt 105
4,17 CONCIUSIONS ...eeuteeteeiteite ettt ettt ettt ettt e bt b e s b e e sb et sat e sa et e s et et e et e e bt e b e e bt enbeesneesneesnnesanenas 106
4. 12 REFEIEINCES ..eeineieeeiee ettt ettt ettt ettt et e bt e et e e bt e st e s be e e bee e sabeeeabeeeneeesabeesabeeeneeeneeesareesneeanns 107

5.  Enzymatic Hydrolysis performed in bioreactor.........cuuiviiiiieccciieee ettt 114
oI A [ a1 oo [¥ o1 oo F TP TP OPRTOPPRPPRRORt 114
I A o (oY= g [T = | I [T =g TSP 114
5.3 Material and MeEthOd ........cooiiiiiiieie ettt ettt 115
5.4 RESUIES aNd DISCUSSION . ..ceiutiriiirtiitieiie ettt ettt ettt sb e sae e sae e st e sanesare st e bt e bt e b e e sbeesbeesneenneennes 116
5.5 CONCIUSIONS ..ttt ettt ettt sttt ettt e st e s bt e st e s be e e sabeesabe e e smeeesabeeeabeeaseeesmbeesareeenseeeneeesnreesanes 121
5.6 REFEIEINCES ...ttt et e s e bt e e b e e s b e e s be e e be e e sate e s be e e beeenneeesareenanes 122

6. Immobilization of eNzyme 0N EPOXY SUPPOILS. coceeiiiiiiiee ettt e e e e e e e raa e e e e e e e e enneraaeeeeeean 125
6.1 INErOAUCTION ..ttt st sat e sttt e sttt et e bt e s b e e sbeesbeesmeesmeeeneeenes 125
6.2 IMMODIlIZAtioN Of ENZYME .o e e e st e e e s bre e e e sabaeeeenneeas 125



6.3 Immobilization of cellulases: STatUS Of @rt........uuuuuuuureuiiiiiiiiiiiiiiieiierieeee e eee e arereraaaarrrreeerraaee 128

6.4 Immobilization of enNzymes 0N EPOXY SUPPOITS........uuiieiiiieeeiirieeecieeeeeree e esre e e e e e s sabee e e sareeeeeases 128
6.5 Materials and MEthod ..ot e e b e e nee e 131
LT Y o1 0] o [N o gAY o 1 V=TSR 131
L0 07 20T 8 o o 1o o S 131
6.5.3 Immobilization of eNzymes 0N €POXY SUPPOIES......eeiiciieeieiieeeciieee e cctee e eetree e esrree e e srreeeesbaeeeenns 132
6.5.4 Bradford Protein @SSAY ...eiiccieiiiicieeesiiiieeeeitee e eette e e ertre e e e ette e e e etae e e ssateta e e e e btaeeeabaeeeeantaeeeeaaraeeaann 133
6.5.5 Determination of free and immobilized enzyme activity.......cccocoveeeiciiieiiciiei e, 133
6.5.6 Activity of free and immobilized €NZYME ......cooo i 134
5.6 RESUIES <.ttt et ettt e ettt e st e s bttt e hee e s b e e e bt e e be e e sate e s be e e beeennneesnreenaane 134
6.6.1 Kinetic study of Celluclast enzyme immobilization .........cccccccoieiiii i, 134
6.6.2 Study of enzyme activity at alkaling PH 8.......ccoouiiiiieeee e 136
6.6.3 Thermal stability @NalYSiS .......ccocciiiiiiiiiieecce e s e e e ebae e e ssatae e e ssareeeeenes 136
6.7 Conclusions and OULIOOK ........cocueiiiiiiie e e e 138
5.8 REFEIEINCES ...ttt ettt ettt e st e s b e e sa e e e s b e e e bt e e be e e sabe e s bt e e beeeanreesareenanes 139
CONCIUSIONS ..ttt ettt ettt e st e s b e st e e s bt e e sabeesabe e e e meeesabeesabeeaaseeeamseesabeeeseeeanneesnreesannn 142
Italian scenario and potential industrial application of researches developed. ........ccccceeeeeciiiiieeeeeennns 145
RETEIEINCES ...ttt ettt e b e e b e bt e s bt e s bt e s bt e s ae e sae e e ae e e ae e et et e e b e beereeen 147
T aYed - AT ]2 0 1=] o L P T T T T 148



Introduction

Nowadays, fossil fuels represent more than 80% atdaconsumption, and transport in
particular depends 95% on oil. While reserves amaidishing, worldwide demand is constantly
increasing, due to the emergence of certain new@odes.

Moreover, burning fossil fuels generates £@® greenhouse gas that is the primary cause of
global warming. So, it is therefore necessary nad ttleaner fuels that do not depend on oil.

Among the most promising replacement for nonrenanvaissil fuel (petroleum, coal, etc.)
are fuels made from organic materials, the so-chllieiofuels”. The two widely used biofuels are
bioethanol and biodiesel.

Bioethanol production has become the major altaugatimong renewable fuels given its
compatibility with the current automobiles and thailable infrastructure.

However, the concerns regarding the production loé 5o called 1st generation of
bioethanol from raw materials like corn or sugassch as the extension of land needed to grow the
crops, its competition with food production and glypand the high water and energy consumption
in the production process, have led to place higipeetations upon the 2nd generation of
bioethanol which uses as feedstock lignocelluleesstdues or no-food dedicated crops.

So, second-generation biofuels are produced usiagrtedible part of plants (straw, wood,
plant waste). Unlike first-generation biofuels, yhao not compete with the use of raw materials as
food. They can be used directly by traditional ¢kds and considerably reduce gé@missions.

So, this biofuel is starting to gain interest inv@mnments and industrial companies. Based
on the report made by the National Resources Defdédsuncil of United States of America
(NRDC), by year 2050, the increasing productivitycellulosic sources would in due course allow
them to generate as much as 150 billion gallonstb&nol which is comparable to more than two-
thirds present gasoline consumption in the UnitedesS.

As a matter of fact, currently, several companiesraoving forward having plans to build
plants using to synthetize 2nd generation bioethano

But there are several technical challenges thatdneebe addressed to make bioethanol
profitable.

In this scenario, the present thesis aims to exanmimo key steps of "2 generation
bioethanol production and to overcome some critassgdect of this process.

Bioconversion of lignocellulosics to ethanol cotsi®f four major unit operations:
pretreatment, hydrolysis, fermentation and prodiegaration/ distillation.

My research activity has been focused on the opatiain of the first two steps.



Pretreatment is required to alter the biomass macopic and microscopic size and
structure as well as its submicroscopic chemicahposition and structure so that hydrolysis of
carbohydrate fraction to monomeric sugars can b@eceed more rapidly and with greater yields.

The most used pretreatment is steam explosion hisdis one of the most expensive
processing steps in biomass to fermentable sugarazsion. So, my activity has been addressed on
the optimization of this pretreatment by investiggidifferent impregnating agents and different
reaction conditions in order to find the best setthis crucial step in bioethanol synthesis.

After pretreatment there are two types of processeshydrolyze the feedstock into
monomeric sugar constituents required for fermeotainto ethanol. The hydrolysis methods most
commonly used are acid (dilute and concentrated) emzymatic.

The use of enzymes in place of inorganic acid gatslis very advantageous, because they
are highly specific and can work at mild procesaditions and, moreover, it is possible to achieve
cellulose hydrolysis of close to 100% by using exsym

However, the use of enzymes in industrial proceissssll limited by high costs of enzyme
isolation and purification. In addition, most enasrare relatively unstable at high temperatures.
In fact, the maximum activity for most fungal cieldes occurs at 50+5°C, while about 60% of this
activity is lost in the temperature range 50-60 °C.

In order to improve biomass hydrolysis, a bioreachas been tested. The use of this
technology has allowed to perform hydrolysis wittigait control of operating parameters (pH and
temperature) and with an appropriate mixing rate.

To overcome of this problem, in the present wdrk, using of enzyme immobilization has
been analyzed. In fact, enzyme immobilization ®atly results in improved thermostability or
resistance to shear inactivation and so, in genatalan help to extend the enzymes lifetime.

Moreover, enzyme immobilization guarantees an eas@overy and reuse of the catalysts
for more reaction loops improving in this way threqess profitability.

Specifically, my PhD research activity aims to pdkie way to get over some current
limitations of bioethanol synthesis by optimizing tcrucial steps:

e Steam explosion pretreatment by testing differ@ptegnating agents and several
reaction conditions;
e Hydrolysis process by using a bioreactor;

e Hydrolysis process by using immobilized enzymes.



Summary

The necessity of using clean energy sources to tinegrowing energy needs of the planet
is a topic of strong current especially given tlemgequences, sometimes even tragic, that climate
change brings. In this framework, emission dueutmaotive sector is one of the crucial aspects to
improve. Therefore the development of new low-@omsenergy sources becomes a must for
research.

Research efforts are needed to design and imprafadb synthesis process, which would
produce sustainable and economically feasible fpanstion fuel.

Second generation bio-ethanol is certainly onehaf most promising biofuel in order to
replace fossil fuel and to achieve a strongly reaucof greenhouse gases.

This PhD thesis has been focused on the optimizafitwo crucial steps in 2nd generation
bio-ethanol synthesis: steam-explosion pretreatraadthydrolysis.

First chapter describes the massive problem iofiate change and the consequent global
warming and the crucial role that emissions of gite@use gases have in this context. In order to
reduce these emissions, a key role can be playé¢kebseplacement of traditional fossil fuels with
biofuels. Among the latter, bioethanol from lignihdesic biomass is certainly one of the most
promising.

Second chapter describes bioethanol production ggedy focusing on second generation
bioethanol from lignocellulosic biomass. The chajteludes a thorough treatment of the biomass
used and a detailed description of the severalsstégroduction process.

The state of the art on the enzymatic hydrolysiegss is the subject of the third chapter. In
this part of the thesis, it is described, in morgad, the process of enzymatic hydrolysis with
particular attention to enzymes (cellulases) chaetastics and functions.

Fourth chapter describes the experimental work,deated at the Department of Chemical
Engineering, University of Lund (Sweden) addresseg@retreatment step optimization. In this
phase of research, several impregnating agents Haen used in order to improve steam-
explosion process.

Fifth chapter describes the experimental activéy the University of Lund, performed in
order to test the process of hydrolysis within aréactor. This phase of the research was aimed to
verify the benefits of the process by a more effianixing of reagents.

The sixth chapter contains a description of theeagsh work developed at the laboratories
of the ENEA Research Center of Trisaia (Rotondel&T). This phase of research was aimed to

test the enzyme immobilization. The process of ilization, in fact, is a technique that allows to
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obtain more stable and more manageable enzymesadude all, this methodology allows an

easier recovery and reuse of the same enzymes.

This thesis work was done in collaboration with ENEltalian Agency for New
Technologies, Energy and Sustainable Economic Dpuetnt), Laboratory of Technology and
Engineering for Biomass and Solar Thermal Energy ttee Research Center of Trisaia
(Rotondella — MT).

Research activity has developed in cooperation whe Department of Chemical
Engineering of University of Lund (Sweden) untiersupervision of Prof. Guido Zacchi.
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Introduzione

Al giorno d'oggi, i combustibili fossili rappresamo oltre 1'80% del consumo mondiale, e,
in particolare, il settore dei trasporti dipende 6% dal petrolio. Mentre le riserve petrolifere
stanno diminuendo, la domanda mondiale € in costanotnento, a causa della comparsa di alcune
nuove economie.

Inoltre, la combustione di combustibili fossili piece CQ, un gas serra che € la causa
primaria del riscaldamento globale. Di conseguendi@enta necessario trovare combustibili piu
puliti che non dipendono dal petrolio.

Tra le soluzioni piu promettenti per la sostituBodiei combustibili fossili non rinnovabili
(petrolio, carbone, etc.) vi sono sicuramente i bastibili a base di materiali organici, i cosiddett
"biocarburanti”. | due biocarburanti piu diffusi so il bioetanolo e il biodiesel.

La produzione di bioetanolo € diventata l'alternatiprincipale fra i carburanti da fonti
rinnovabili data la sua compatibilitd con le autobild attuali e le infrastrutture gia disponibili.
Tuttavia, vi sono alcune perplessita per quantaaigia la produzione del cosiddetto bioetanolo di
“prima generazione”, ovvero derivante da materienpe come il mais, il grano e da altre colture
zuccherine che hanno limitato il suo sviluppo eelly industriale. L' estensione di terreno
necessaria per coltivare i prodotti, la concorrenzan la produzione e l|'approvvigionamento
alimentare, e I'elevato consumo di energia e diuacgel processo di produzione, hanno spinto il
mondo della ricerca a concentrarsi sul bioetanoio“seconda generazione” che utilizza come
materia prima residui o delle colture dedicate radimentari.

| biocarburanti di seconda generazione sono praddttizzando la parte non commestibile
delle piante (paglia, legno, rifiuti organici) e i, a differenza dei biocarburanti di prima
generazione, non entrano in competizione con itatl di materie prime di tipo alimentare.
Anch’essi possono essere usati direttamente dalvéiadizionali e ridurre considerevolmente le
emissioni di C@

Per tutte le ragioni sopra descritte, questo bidmaante sta cominciando a guadagnare
I'attenzione sia dei governi che del settore indatt. Ad esempio, sulla base della relazione
presentata dal Consiglio Nazionale di Difesa d&lisorse degli Stati Uniti d'’America (NRDC), per
'anno 2050, un adeguato sviluppo della produtfivda fonti lignocellulosiche, consentira una
produzione fino a 150 miliardi di galloni di etdip che &€ paragonabile a piu di due terzi il
consumo di benzina presente negli Stati Uniti.

E un dato di fatto che, attualmente, diverse sacststanno muovendo con I intenzione di

costruire impianti per la sintesi del bioetanolo seconda generazione.
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Esistono tuttavia diversi problemi tecnici che dewoessere affrontati per rendere il
bioetanolo di seconda generazione redditizio e eomgoamente competitivo con i tradizionali
combustibili fossili.

In questo scenario, il presente lavoro di tesi igone di esaminare due passaggi chiave
della produzione di bioetanolo di seconda genenmazjal fine di superare alcuni aspetti critici di
questo processo.

La bioconversione della biomassa legnocellulositaetanolo € un processo costituito da
qguattro step principali: pretrattamento, idrolisifermentazione e separazione dei prodotti/
distillazione.

La mia attivita di ricerca si & focalizzata sullimbizzazione dei primi due passaggi.
Il pre-trattamento € necessario per modificare lenehsioni e la struttura, macroscopica e
microscopica, della biomassa nonché la sua compogzchimica e la struttura submicroscopica
in modo che l'idrolisi della frazione di carboidrain zuccheri monomerici possa avvenire piu
rapidamente e con rese piu elevate.

Il pre-trattamento piu utilizzato € la steam-expdos che € una delle fasi di lavorazione piu
costose nella trasformazione della biomassa in lzeicéermentabili.

La mia attivita di ricerca é stata indirizzata soltimizzazione di questo pretrattamento,
testando diversi agenti impregnanti e diverse coiodi di reazione per trovare il miglior assetto
per questa fase cruciale del processo di sintelsbidetanolo.

A valle del pretrattamento ci sono due tipi di pesso per idrolizzare la materia prima in
zuccheri monometrici, successivamente fermentagitadolo. | metodi d’idrolisi pit comunemente
usati sono quelli che utilizzano acidi (diluiti erecentrati) ed il processo enzimatico.

L'uso degli enzimi al posto di catalizzatori acidorganici € molto vantaggioso, infatti gli
enzimi sono altamente specifici e possono lavorareondizioni di processo piu miti. Inoltre,
utilizzando gli enzimi e possibile ottenere un’itkiodella cellulosa con rese vicine al 100%.

Tuttavia, I'uso degli enzimi nei processi indudir& ancora limitato per via degli elevati
costi di separazione e purificazione degli enzitessi. La maggior parte degli enzimi sono inoltre
relativamente instabili alle alte temperature. Ittfala massima attivita per la maggior parte delle
cellulasi fungine si registra a 50 +5 °C, mentiieca il 60% di questa attivita si perde nel range d
temperatura 50-60 °C.

Per owviare a questo problema, nel presente lavalio tesi & stata esaminata
immobilizzazione degli enzimi su opportuni sugpdc'immobilizzazione degli enzimi spesso si
traduce in una migliore stabilita termica e in unsaggiore resistenza all’inattivazione. In questo

modo il processo di immobilizzazione potrebbe prgare la vita media degli enzimi.
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Inoltre, I'immobilizzazione degli enzimi garantisge piu facile recupero degli stessi e di
conseguenza il riutilizzo di questi catalizzatogrpiu cicli di reazione, migliorando in questo
modo I’ economicita globale del processo.

Al fine di migliorare lidrolisi della bioamssa etao sperimentato l'utilizzo di un
bioreattore in cui far avvenire questo step del gasso. L'utilizzo di questa tecnologia ci ha
consentito di operare con uno stretto controllo gdarametri operativi (pH e temperatura) e con un

opportuno grado di miscelazione.

La mia attivita di dottorato di ricerca si propord aprire la strada per superare alcune
limitazioni attuali nella sintesi del bioetanolo deconda generazione, ottimizzando due passaggi
cruciali:

» il pretrattamento attraverso steam-explosion tedtadiversi impregnanti e diverse
condizioni di reazione;
e il processo di idrolisi attraverso l'utilizzo di umpportuno bioreattore;

» |l processo d'idrolisi attraverso I'utilizzo di eimai immobilizzati.

13



Sommario

La necessita di ricorrere a fonti di energia pulpar soddisfare i sempre crescenti bisogni
energetici del pianeta e un tema di forte attuabtgprattutto di fronte alle conseguenze, talvolta
anche drammatiche, che I'alterazione del clima detea.

In questo scenario, le emissioni dovute al setmuwBmobilistico sono uno degli aspetti
cruciali da migliorare. Pertanto lo sviluppo di nue fonti di energia a basse emissioni diventa un
must per la ricerca.

La comunita scientifica internazionale deve con@sti propri sforzi al fine di ridisegnare
e migliorare il processo di sintesi dei biocarbutianon I'obiettivo di sviluppare carburanti che
siano sostenibili da un punto di vista ambientadleeeonomicamente competitivi con i tradizionali
combustibili fossili.

Il bio-etanolo di seconda generazione e sicuramenie dei piu promettenti biocarburanti
per la sostituzione dei combustibili fossili e, cdnseguenza, per ottenere una forte riduzionedell
emissioni di gas serra.

Questa tesi di dottorato e stata focalizzata stiitinizzazione di due passaggi cruciali nella
sintesi del bio-etanolo di seconda generazionepriétrattamento di tipo steam-explosion e il
processo di idrolisi.

Nel primo capitolo viene descritto I'ingente profia del cambiamento climatico e del
conseguente global warming e il ruolo cruciale deeemissioni di gas-serra hanno in questo
contesto. Al fine di ridurre questo tipo di emissian ruolo fondamentale puo essere giocato dalla
sostituzione dei tradizionali combustibili fossilbn biofuels. Fra questi ultimi, il bioetanolo da
biomasse lignocellulosiche & sicuramente uno deppomettenti.

Nel secondo capitolo viene descritto il process@rdiduzione del bioetanolo focalizzando
I'attenzione sul bioetanolo di seconda generazidadignocellulosa. Il capitolo comprende una
accurata trattazione sulla biomassa utilizzata evsui step del processo produttivo.

Lo stato dell’arte sul processo d’idrolisi enzinati € I'argomento del terzo capitolo. In
guesta parte del lavoro di tesi viene descrittodettaglio il processo di idrolisi enzimatica, con
particolare attenzione alle caratteristiche ed @hzionamento degli enzimi stessi (cellulasi).

Nel quarto capitolo € presentata lattivita sperim@e, svolta presso il Dipartimento
d’'Ingegneria Chimica dell’Universita di Lund (Svaki per lottimizzazione dello step di
pretrattamento. In questa fase della ricerca, déveagenti impregnati sono stati utilizzati per il

miglioramento del processo di steam-explosion.
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Il quinto capitolo descrive l'attivita sperimentalgvolta sempre presso I'Universita di Lund,
portata avanti al fine di testare il processo dralisi all'interno di un bioreattore. Questa fase
dell'attivita di ricerca ha avuto lo scopo di vagére i vantaggi apportati al processo da una
miscelazione maggiormente efficiente dei reagenti.

Il sesto capitolo riporta la descrizione del lavodo ricerca sviluppato presso i laboratori
del Centro Ricerche ENEA di Trisaia (Rotondella FMQuesta fase dello studio ha avuto lo scopo
di testare 'immobilizzazione enzimatica. Il prosesli immobilizzazione, infatti, € una tecnica che
permette di ottenere enzimi piu stabili, maggiorteemaneggevoli e soprattutto permette un piu

facile recupero e riutilizzo degli enzimi stessi.

Questo lavoro di tesi e stato svolto in collaboosa con 'ENEA (Agenzia Italiana per le
Nuove Tecnologie, I'Energia e lo Sviluppo Econorsiastenibile), Laboratorio di Tecnologia e
Ingegneria per la biomassa e solare termico, pras&entro Ricerche della Trisaia (Rotondella -
MT).

Parte dell’attivita di ricerca e stata svolta press laboratori del Dipartimento di

Ingegneria Chimica dell’Universita di Lund sottosapervisione del Prof. Guidéacchi.
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Chapter 1

Second generation bioethanol: a
sustainable choice to mitigate climate
change.
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1. Second generation bioethanol: a sustainable choite
mitigate climate change.

1.1 Introduction

International researchers has got a new urgencynpwove the accuracy of predicting
climate change and, overall, to find an effectiskigon to mitigate it. As matter of fact, our &g
are linked to weather and climate, and to energyarsd our use of fossil fuels could warm the
atmosphere enough to lead earth to serious conseegie

One way to slow these trends is to increase enefftggiency and develop and use clean,
sustainable energy sources. Political and busifes$ers throughout the world recognize that
global climate change is real, and are taking siepsduce fossil fuel emissions.

In fact, it has been proven that emissions of gdigescarbon dioxide (Cg), methane
(CHy), nitrous oxide (MO), and chlorofluorocarbons CFC-11 (GE)land CFC-12 (CGF,) are the
main cause of greenhouse effect. The additiondlrapbgenic greenhouse gases, which have been
introduced into the atmosphere, they are creatdalnying fossil fuels (Ledley et al., 1999).

Many Governments and industries are respondinfp¢octimate change challenge finding
ways to use waste products to produce energy aokinip at possibilities associated with
alternative energy sources.

Many auto makers are investing a lot of money tdpce low-emission cars or vehicles
using alternative fuels such as ethanol. They natufe flexible-fuel vehicles that can operate on
gasoline or any blend of ethanol in gasoline a$ lag 85%. In fact, biofuel is one of the most
promising way to replace fossil fuel and so to eElgreenhouse emissions (Joint Transport
Research Centre, 2008).

Converting biomass feedstocks to biofuels is anirenmentally friendly process. So is
using biofuels for transportation. When we use thiaeol instead of gasoline, we help reduce
atmospheric CO2 in three ways: (1) we avoid thessions associated with gasoline; (2) we allow
the CO2 content of the fossil fuels to remain mrage; and (3) we provide a mechanism for CO2
absorption by growing new biomass for fuels. Beeaas their compatibility with the natural
carbon cycle, biofuels offer the most beneficia¢mdative for reducing greenhouse gases from the
transportation sector.

This market is also being driven by a rapid risep@troleum prices and, in response, a
massive global expansion of biofuel production framize, oilseed, and sugar crops. Soon the
price of these commodities will be determined bgirttvalue as feedstock for biofuel rather than
their importance as human food (Cassman, 2007). édpectation that petroleum prices will
remain high and supportive government policies emesal major crop producing countries are
providing strong momentum for continued expansidnbmfuel production capacity and the
associated pressures on global food supply.
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Given this situation, international researchers ehdecused their attention on the
development of, so called, second generation bi®fag meaning fuel produced from no-edible
sources. Production of these fuels avoids compatitiith food production for arable land.

Among these biofuel, lignocellusic bioethanol iseoof the most promising due to the
abundance of lignocellulosic biomass and, ovedaig to its low life-cycle GHG emissions.

1.2 Climate change and greenhouse gases

The phenomenon known as the “greenhouse effedffidseffect for which Infrared (IR)
active gases absorb thermal IR radiation emittedii®y Earth’'s surface and atmosphere. The
atmosphere is warmed by this mechanism and, in &mits IR radiation, with a significant portion
of this energy acting to warm the surface and ot atmosphere (Fig. 1.1).

As a consequence the average surface air tempeddttive Earth is about 30° C higher than
it would be without atmospheric absorption and de&tion of IR energy (Henderson-Sellers and
Robinson, 2000; Kellogg, 1996; Peixoto and Oor§2)9

Ha Hateral
Grannkouss EFhect Greanhouse FFfan Tampanstera (K]

Fig. 1.1 The natural greenhouse effect

The IR active gases responsible for the effectpairecipally water vapor (kD), carbon
dioxide (CQ), and ozone (§), which are naturally present in the Earth’s atphese. So this gases
are called “greenhouse gases”.
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The rapid increase in concentrations of greenhgases since the industrial period began
has given rise to concern over potential resulthntate changes.

The principal greenhouse gas concentrations that imcreased over the industrial period
are carbon dioxide (Cf) methane (Chj, nitrous oxide (MO), and chlorofluorocarbons CFC-11
(CCIgF) and CFC-12 (CGF,) (Hansen, 1998; Schimel et al., 1996).

The additional anthropogenic greenhouse gases hhat been introduced into the
atmosphere increase the IR energy absorbed by tthesphere, thereby exerting a warming
influence on the lower atmosphere and the surfand, a cooling influence on the stratosphere
(Peixoto and Oort, 1992; Ramanathan, 1985)

The radiative influence resulting from a given smental increase in greenhouse gas
concentration can be quantified and compared ashthege in downward IR flux at the tropopause,
a quantity known as the radiative forcing. Climat®del calculations indicate that to good
approximation the global warming influence of theveral greenhouse gases is equal for equal
forcing (Wang et al., 1992; Wang et al., 1991),dieg support to the utility of the concept of
climate forcing and response.

Of the several anthropogenic greenhouse gasesj<XB2 most important agent of potential
future climate warming because of its large curmgmetenhouse forcing, its substantial projected
future forcing (Houghton et al., 1996), and itsgqersistence in the atmosphere.

1.2.1 Climate Change and Carbon Dioxide

Global warming is caused by the emission of greesb@ases . 72% of the totally emitted
greenhouse gases is carbon dioxide (CO2), 18% Methad 9% Nitrous oxide (NOx). Carbon
dioxide emissions therefore are the most importantse of global warming. CO2 is inevitably
created by burning fuels like e.qg. oil, natural,ghssel, organic-diesel, petrol, organic-petrol.

Natural sources of C{ccur within the carbon cycle where billions of $aof atmospheric
CO, are removed from the atmosphere by oceans and mggiants, also known as ‘sinks’, and are
emitted back into the atmosphere annually throwaghral processes also known as ‘sources’. When
in balance, the total carbon dioxide emissionsranibvals from the entire carbon cycle is roughly
equal (Fig. 1.2).
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GLOBAL CARBON CYCLE

e [FB.2per yeor ——

Fig. 1.2 The global carbon cycle.

Since the Industrial Revolution in the 1700’s, hanaativities, such as the burning of oil,
coal and gas, and deforestation, has increasegd déficentrations in the atmosphere. In 2005,
global atmospheric concentrations of O@ere 35% higher than they were before the Indalstri

Revolution (Fig. 1.3; U.S. Department of Energy99p

(09 wneentration (ppmy)

Fig. 1.3 The change in the atmospheric concentratioof carbon dioxide over the last 1000 years (U.S.
Department of Energy, 1999)
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In the 1980s, a convergence of results from pal@até data and geochemical and climate
models suggested that such long-term variatiomtinmate have been strongly influenced by natural
variations in the carbon dioxide (GQcontent of the atmosphere (Cassman, 2007; Croahely

Berner, 2001; Barron and Washington, 1985).

Figure 1.4 shows clearly this correlation.

Global Temperature and Carbon Dioxide

1.0 380
Temp. in
degreas F Earbon
Dicxide
0.5 \‘* + 355
Global /
Temperature
0.0 - : 1 330
05 - co2inl 55
parts
per
million
'1 -D T T T T T T 230
1880 1900 1920 1240 1960 1980 2000

Fig. 1.4 Global temperature trend and CO2 concentréon in atmosphere (US DOE data -

WWW.energy.gov)

As matter of fact, reducing G@missions became a must for worldwide governmants

industry and a great challenge for internationséagch.

For this reasons, several studies have been dedkttodocate the major anthropogenic CO2

sources.

U.S. Department of Energy (DOE) has lieemsed a great effort in this direction by

using and comparing data coming from two souraesnf1958 forward, they are from a weather
station high atop the Mona Loa volcano in Hawad aarlier data are from ice cores in Antarctica.

Obtained results are summarized in figure 1.5.
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Fig. 1.5 Carbon Dioxide emission per year (US DOEda - www.energy.gov)

Data reported in figure 1.6 show clearly how thgéat source of C£Oemissions globally is
the combustion of fossil fuels such as coal, od gas. When fossil fuels are burned to produce
energy the carbon stored in them is emitted almostely as CO2. The main fossil fuels burned by
humans are petroleum (oil), natural gas and co@R & emitted by the burning of fossil fuels for
electricity generation, industrial uses, transpgarta as well as in homes and commercial buildings
(Crowley and Berner, 2001). The figure below digplamissions for each of main sectors.

Passenger cars 7%

Transport 179
(Road, Rail, Air & Water)

Household
small consumers 9%

Power/heating
stations 2 7%

Industry 2 5%

Fig. 1.6 Global CO2 emissions per sector (PachautRCC Fourth assessment, WG I, 2007)
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The transportation sector is one of the largestcgsuof CQ emissions. Almost all of the
energy consumed in the transportation sector i®leeim based, including gasoline, diesel and jet
fuel. Automobiles and light-duty trucks account faimost two-thirds of emissions from the
transportation sector and emissions have steadilyrgsince 1990. Other sources of transportation
emissions are freight trucks, aircraft, trains bodts.

Emissions from transportation depend on the nurabgips or miles traveled by each type
of vehicle each year, which are in turn influendeyg larger economic trends and consumer
behaviors. Over the long term, research developeachprove the fuel efficiency of vehicles and in
the type of fuel used can also influence the lef@missions.

1.3 Automotive sector CQ reduction: the biofuel solution

The automotive sector is playing a leading rolebering its responsibility to reduce CO2
emissions. Its commitment is reflected in investtaan technology solutions that have brought
significant cuts in C@emissions from cars and commercial vehicles.

But nowadays, the best solution to reduce, @issions is the utilization of biofuel to
replace traditional fossil fuel. As matter of fabtpfuels offer CQ reduction benefits relative to
mineral fuels because their carbon was absorbed the atmosphere as the source plants grew,
rather than being released from underground stoesgevith fossil fuels. However few if any
biofuels are truly ‘carbon neutral’; those grownBuarope typically offer around a 50% greenhouse
gas reduction, although the benefits of ethanoloigal from Brazil are typically much greater
(around 80% reduction) (Smokers et Al, 2006).

Currently the biofuels most commonly available asngport fuels are biodiesel and
bioethanol (with the latter often converted to BIOBE to be used as an additive in petrol). The
traditional main feedstocks are crops grown for(siich as rape, soya and sunflower) for biodiesel,
and crops high in sugar or starch (including sugeet and cane, various grain crops, etc) for
ethanol.

Biodieselis a renewable, domestic substitute for petroléliesel fuel. It can be used in any
diesel engine without modification in any concetdra It is a product of a reaction between lipids
(typically vegetable oil) and an alcohol, with apbyduct of glycol. There are many ways to
accomplish this, but the most common is transdiation. The process steps for transesterification
are reactant preparation, transesterification, reg¢ipa, and purification (Coronado et al., 2009).
There are many possible feedstocks, but the mositnam feedstocks are soybean oil, rapeseed oill,
canola oil, sunflower oil, and palm oil (Demirb@6€09).

Bioethanol is an alcohol that can be used as a vehicle fhelhwcombined with as little as
15% gasoline. It requires small modifications te thost prevalent gasoline engines, and has been
gaining increasing traction in vehicle design ftwe tlast decade. Ethanol is created by the
fermentation of simple sugars (glucose). The mostadent feedstock used to make ethanol is corn
starch (Graboski, 2002).

World-wide production of biofuels is growing rapydFrom 2001 to 2007, world production
of ethanol tripled from 20 billion liters to 50 kdn liters (F.O. Licht's, 2007), and world biodeds
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production grew from 0.8 billion liters to almostbdllion liters. The production of biodiesel in
Europe is growing more rapidly than the productidrethanol, with a current level of more than
5.5 million tonnes of biodiesel and only 2.0 miflitons of ethanol (F.O. Licht's, 2007).

Biofuel are in fact an effective solution to remacaditional fossil fuel but their production
could become unsustainable if they compete witll frops for available land.

1.3.1 Theimportance of second generation Biofuels

Global biofuel production has been increasing rgpiover the last decade, but the
expanding biofuel industry has recently raised irntgod concerns. In particular, the sustainability
of many first-generation biofuels — which are proel primarily from food crops such as grains,
sugar cane and vegetable oils — has been incréasjogstioned over concerns such as reported
displacement of food-crops.

In general, there is growing consensus that ifis@amt emission reductions in the transport
sector are to be achieved, biofuel technologies Iesome more efficient in terms of net lifecycle
greenhouse gas (GHG) emission reductions whileeasame time is socially and environmentally
sustainable. It is increasingly understood thattrfiost-generation biofuels, with the exception of
sugar cane ethanol, will play a limited role in fo&ure transport fuel mix (IEA, 2010; Hill et al.
2006).

The increasing criticism of the sustainability oy first-generation biofuels has raised
attention to the potential of so-called second-garen biofuels. Depending on the feedstock
choice and the cultivation technique, second-geioersbiofuel production has the potential to
provide benefits such as consuming waste residugsnaking use of abandoned land. In this way,
the new fuels could offer considerable potentialpremote rural development and improve
economic conditions in emerging and developingaesg)i

Second-generation biofuels are not yet producednoenzially, but a considerable number
of pilot and demonstration plants have been anredir set up in recent years, with research
activities taking place mainly in North America,lBpe and a few emerging countriesg( Brazil,
China, India and Thailand). Current IEA projecticsee a rapid increase in biofuel demand, in
particular for second-generation biofuels, in aergg sector that aims on stabilizing atmospheric
CO, concentration at 450 parts per million (ppm).

The World Energy Outlook 200@EA, 2009a)450 Scenariolrojects biofuels to provide
9% (11.7 EJ) of the total transport fuel demands(EJ) in 2030. In th&lue Map Scenard of
Energy TechnologyPerspectives 2008IEA, 2008) that extends analysis until 2050, bed$u
provide 26% (29 EJ) of total transportation fuelZ1EJ) in 2050, with second-generation biofuels
accounting for roughly 90% of all biofuel.

Ambitious biofuel support policies have recentlyebeadopted in both the United States
(with 60 billion litres of second-generation biofu®y 2022) and the European Union (with 10%
renewable energy in the transport sector by 2020 to the size of the two markets and their
considerable biofuel imports, the US and EU marglataild become an important driver for the
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global development of second-generation biofualsg;escurrent IEA analysis sees a shortfall in
domestic production in both the US and EU that wawded to be met with imports (IEA, 2009b).

1.4 GHG emission: Life-Cycle comparative analysisraong different
biofuels

In general, there is growing consensus that ifisgant emission reductions in the transport
sector are to be achieved, biofuel technologies imesome more efficient in terms of net lifecycle
greenhouse gas (GHG) emission reductions whilaeasame time is socially and environmentally
sustainable. It is increasingly understood thastnfiost-generation biofuels are not sustainabte fo
their competition with edible crops and so they Vikely have a limited role in the future transpor
fuel mix (United Nations Conference on Trade anddd@ment, 2009).

In order to get a complete understanding of thtegneenhouse gas emissions by biofuels
combusting, previous research investigating bigfiedm a full fuel life cycle perspective was
examined. To understand the effects of biofuel ube, entire lifecycle must be considered,
including the manufacture of inputs (e.g. fertitizecrop production, transportation of feedstock
from farm to production facilities, and then bidfpeoduction, distribution, and use.

The literature on biofuels contains different amunstimes conflicting studies about this
subject so an accurate analysis is very hard leuthitee studies compared here are very similar for
the approach, the methodology of investigation #red accuracy of analysis. Obtained data are
summarized in fig. 1.7 (Delucchi, 2006; FarrelA&t2006; Spatari et Al, 2005).

Life-cycle GHG emissions by Fuel

Ceducchi, 2006
B Farrel, 2006

! Spatart, 2005
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Grags Stowver

Fig. 1.7 Life cycle GHG emission by different biofel (Delucchi, 2006; Farrell et Al, 2006; Spatari efl,
2005)

By this comparison among some of the main biofpetsent on the market, it's possible to
note how cellulosic ethanol present lower GHG emiséevaluated as CO2-equivalent greenhouse-
gas emission) per liter of fuel respect tb generation bioethanol from corn and biodiesel from
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soybean oil. In particular, this analysis showd tha best result has been achieved by cellulosic
ethanol from switch grass.

In this direction, it's important to highlight ressi obtained by E. D. Larson that in his
analysis he has summarized and synthesized rdsuitsthe rich literature of published life-cycle
analyses (LCAs) of liquid biofuels, with a focus elcidating the impacts that production and use
of such biofuels might have on emissions of greesb@ases (Larson, 2006).

Data obtained by Larson are reported in figure 1.8.
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Fig. 1.8 Well-to-wheels (WTW) energy requirementsrad greenhouse gas emissions for conventional
biofuel pathways compared with gasoline and diesehthways (Larson, 2006)

This analysis shows Well-to-wheels (WTW) energyuisgments and greenhouse gas
emissions per vehicle-km (v-km) for a given biofaald originating biomass source compared with
fossil gasoline and diesel.

Also in this case lignocellulosic ethanol presdr best result in term of reduction of GHG
emissions. Reported data also stress how ligndseellbioethanol require a lot of energy underlinr
in this way how this is process that have to beetiged and optimized in order to became an
effective solution to replace fossil fuel.

1.5 Conclusions

International researchers have confirmed the olalip between human activity and
climate change: human emissions of so-called gmeseégases are reinforcing the Earth’s natural
greenhouse effect and causing atmospheric tempesati rise. The main cause of climate change
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is the burning of fossil fuels, a process necelysadcompanied by release of the greenhouse gas
carbon dioxide (Cg).

One of the crucial sector is transport that consdossil derivates (gasoline and diesel)
emitting CQ. So, there is an increasing interest in biofuetscfimate change mitigation, since an
amount of carbon dioxide (G emitted during combustion of the biofuel is alat during
photosynthesis by replacement biomass.

The main biofuel are ethanol to replace gasoling l@indiesel a substitute of fossil diesel.
This biofuel can be synthetized from different bass such as soybeans, corn, coconut or
sunflowers oil for the biodiesel and grains or seeshd sugar crops for bioethanol. These
“Conventional” (or first generation)biofuels will play a limited role in the future due their
competition with food production for arable land.

The increasing criticism of the sustainability obmy first-generation biofuels has raised
attention to“Advanced” (or second generationdiofuels which are produced from no-edible
feedstock.

Lignocellulosic ethanol is one of the most promgsedvanced biofuel. In fact, it can be
produced by using a cheap and abundant biomas®waadll, it can achieve the greatest reduction
of GHG gas emission respect to the otH8g2neration biofuels.
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Chapter 2
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2. Bioethanol production from Lignocellulosic Biomass

2.1 Introduction

Bioethanol can be produced from several differemmiass feedstocks: sucrose rich
feedstocks (e.g. sugar-cane), starchy materiays ¢ern grain), and lignocellulosic biomass. This
last category, including biomass such as corn stamd wheat straw, woody residues from forest
thinning and paper, it is promising especially lwde countries with limited lands availability. In
fact, residues are often widely available and dbcempete with food production in terms of land
destination. Lignocellulosic biomass is the mostratant reproducible resource on the Earth and it
could produce up to 442 billion | per year of blwstol (Bohlmann, 2006).

The process converting the biomass biopolymergnodntable sugars is called hydrolysis.
There are two major categories of methods employeée. first and older method uses acids as
catalyst, while the second uses enzymes calledulasfls. Feedstock pretreatment has been
recognized as a necessary upstream process to eelgovn and enhance the porosity of the
lignocellulosic materials prior to the enzymatiogess (Zhu and Pan, 2010; Kumar et al., 2009).
Cellulases are proteins that have been convenlyordivided into three major groups:
endoglucanase, which attacks low cristallinity oagi in the cellulose fibers by endoaction, creating
free chain-ends; exoglucanases or cellobiohydrslagech hydrolyze the 1,4- glycocidyl linkages
to form cellobiose; andi-glucosidase which converts cellooligosaccharided disaccharide
cellobiose into glucose residues. In addition ® tiiree major groups of cellulose enzymes, there
are also a number of other enzymes that attackdefimibses, such as xylanase, galactomannase
and glucomannase. These enzymes work together gistieally to attack cellulose and
hemicellulose. The final step of upstream processeabe fermentation of monomer sugars to
ethanol. High solids loadings are usually requitedbtain higher ethanol levels in the fermentation
broths. In particular, solids loadings of pretrelatgnocellulose feedstock close to 30% (w/w)
would be need to reach an ethanol concentratigh5%o that is considered a threshold level for a
sustainable distillation process. However, incregshe amount of the solids content in a bioreactor
the hydrolytic performances of the enzymes mixterels to worsen. Several strategies have been
investigated to overcome this limitation, such ashe simultaneous saccharification and
fermentation (SSF). In this process, the sugaeaseld from the hydrolysis are directly consumed
by the present microorganisms. However, since fetatien and hydrolysis usually have different
optimum temperatures, separate enzymatic hydrofysisfermentation (SHF) is still considered as
a choice .

2.2 Structure of lignocellulose biomass

Lignocellulosic biomass is typically nonedible gianaterial, including dedicated crops of
wood and grass, and agro-forest residues. The baature of all lignocellulosic biomass consists
of three basic polymers: cellulosest;oOs)x, hemicelluloses such as xylansHgO,)x, and lignin
[C9H;003 ¢« (OCH)0.9-1.7], in trunk, foliage, and bark (Demirbas, 2005).
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Cellulose is a homopolysaccharide composed-@f-pyranose units, linked bp-1, 4-
glycosidic bonds (Lynd et al., 2002). Cellobiose¢he smallest repetitive unit and it is formed by
two glucose monomers. The long-chain cellulosempelg are packed together into microfibblg
hydrogen and van der Waals bonds. Hemicelluloselignoh cover the microfibils. Hemicellulose
is a mixture of polysaccharides, including pentp$exoses and uronic acids. Lignin is the most
complex natural polymer consisting of a predomirtantding block of phenylpropane units. More
specifically, p-coumaryl alcohol, coniferyl alcohahd sinapyl alcohol are the most commonly
encountered alcohols (Harmesen et al., 2010). ldgihdosic materials also contain small amounts
of pectin, proteins, extractives (i.e. no- struatusugars, nitrogenous material, chlorophyll and
waxes) and ash (Kumar et al., 2009).

The composition of the biomass constituents cary waeatly among various sources.
Accurate measurements of the biomass constitueraisily lignin and carbohydrates, are of prime
importance because they assist tailored procesgndefor the maximum recovery of energy and
products from the raw materials.

Since 1900, researchers have developed severalodsetto measure the lignin and
carbohydrates content of lignocellulosic biomas$ob@lly recognized Organizations, such as
American Society for Testing and Materials (ASTNIgchnical Association of the Pulp and Paper
Industry (TAPPI) and National Renewable energy laatobratory (NREL) have developed methods
to determine the chemical composition of biomassseld on modifications of the two main
procedures developed by Ritter (Ritter et al., 2@3%1 by Seaman (Saeman et al., 1954).

2.2.1 Cellulose

Cellulose is the most important natural polymer dhe first polymer on which X-ray
investigation had been performed, a year aftedtkeovery of diffraction of X-rays on crystalline
materials in 1912 (Zugenmaier, 2001).

Cellulose is found in nature mainly in plant cehlis in the range of approximately 35 to
50% of plant dry weight (Mohan et al., 2006). Hoeegome animals, bacteria and algal species
can also produce the polymer (Lynd et al, 2002).

Cellulose is a homopolymer of R-linked D-glucopyrs@ units usually present in a highly
ordered crystalline structure that impedes hydislyéynd et al., 1999). The monomers are
connected with 3-1,4 glycosidic bonds. Glucoseresgnt in chair conformation. Every second
glucose unit is rotated by 180° to the main axithefchain; therefore every second glycosidic bond
is in the same sterical conformation, so the repgainit of cellulose is cellobiose.

Cellulose is a high molecular weight polysaccharitie degree of polymerisation (DP) is
usually between 500 and 15,000 (Sjostréom, 1993.sfructure of cellulose is shown schematically
in figure 2.1.
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Fig. 2.1 Schematic structure of cellulose with celbiose as repeating unit

Intramolecular hydrogen bonds are present betweerydroxyl group of the C3 and the
oxygen atom of the C5 in the adjacent glucose udidlulose fibers form bundles, which are
stabilized by intermolecular hydrogen bonds betwésn cellulose chains. Approximately 30
individual cellulose molecules are assembled irdogdr units known as elementary fibrils
(protofibrils), which are packed into larger urgtdled microfibrils, and these are in turn asseuhble
into the familiar cellulose fibers (Lynd et al.,(Z).

In most cases the cellulose fibers are embeddednmratrix of hemicelluloses and lignin,
which comprise 20 to 35 and 5 to 30% of plant deyght (Lynd et al., 1999).

There are crystalline and amorphous regions in stnecture of cellulose. Amorphous
regions are less organised than the crystallings these regions are less resistant to enzymatic
attack. In addition to the crystalline and amorghoegions, cellulose fibers contain various typges o
irregularities, such as kinks or twists of micreii, or voids such as surface micropores, large pi
and capillaries (Lynd et al., 2002).

The total surface area of a cellulose fiber is tlmugh greater than the surface area of an
ideally smooth fiber of the same dimension. Theeifsct of structural heterogeneity within the
fiber is that the fibers are at least partially htabesd by water when immersed in aqueous media,
and some micropores and capillaries are suffigresplacious to permit penetration by relatively
large molecules- including, in some cases, ceMtimlenzymes (Lynd, 2002). Cellulose is
hydrophilic, but not water-soluble. Cellulose isdhglysed by acids, but not by alkalis, in contrast
to hemicellulose, which can be hydrolysed and shéalol both with acids and with concentrated
bases.

2.2.2 Hemicdlulose

Hemicellulose is a highly branched heteropolysagdeamainly consist of pentose-{-
xylose, a- -arabinose) and hexosef-gf-mannose f-p-glucose, a-p-galactose). Among building
blocks, uronic acids ofp-glucuronic, a-p-4-O-methylgalacturonic,a-p-galacturonic acids) are
present as well. Other sugars suchonasrhamnose and- -fucose may also be present in small
amounts and hydroxyls groups of sugars can beapgriubstituted with acetyl groups. (Girio et
al., 2010). Xylose is the predominant pentose sdgaived from the hemicelluloses of the most
hardwood feedstocks, but arabinose can constitsigraficant amount of pentose sugars derived
from various agricultural residues and other hegbas crops, such as switchgrass (Balat, 2008).
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The linkage of the monomers can be different gligiosonds. The DP is less, compared to
cellulose (100-200). The classification of hemiglelses can be upon their structure. The
classification recommended by Brigham et al. (199@®ased on the composition of the main chain:
(&) xylans, (b) mannans, (c) B-glucans, (d) xyloghs and (e) arabinogalactans. Xylans are
probably the most abundant hemicelluloses. The rola@in is built up from 3-1,4-xylopyranose
subunits, which is usually substituted with D-aralsie, L-galactose or methyl-glucuronic acid side-
chains (Fig.2.2 A,B). Mannans have basically two irmayroups; glucomannans and
galactomannans. The main chain of the glucomanaamsuilt up from glucose and mannose
subunits linked by R-1,4 glycosidic bonds (Fig.Z22, whereas galactomannans have B3-1,4
homomannan main chain substituted with D-galactbgea-1,6 bonds. Mannans are mostly
presented in softwoods. 3-glucans are randomletiriyy 3-1,3 and 3-1,4 linkages.

e

H H H calos
xylose xylose xylose

H arabinose 4-O-methyl-glucuronic acid

H OH l

arabinose xylose  4.0Q-methyl-glucuronic acid xylose

Galactose

Mannose Mannose Glucose Mannose Mannose

Fig. 2.2 Structure of three types of hemicellulose$A) arabinoxylan, (B) arabino4-O-methyl glucuronaxylan and
(C) O-acetyl-galactoglucomannan according to Sjéstim (1993)
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2.2.3Lignin

Among the three major biopolymers that constituteey lignin is distinctly different from
the other two macromolecular polymers. It is a ¢pper of three different phenylpropane
monomer units (monolignols), that differ in theggitee of methoxylation (Nagy, 2009) The three
most common building blocks are the 4-hydroxyphpropane, the guaiacylpropane, and the
syringylpropane subunits (Fig.2.3). 4-hydroxyphengpane unit is not methoxylated, whereas
guajacyl and syringyl units have one and two meghgxoups adjacent to the phenolic hydroxyl
group, respectively.

The precursors of these units during the biosymthefsthe lignin are p-coumaryl alcohol,
trans-coniferyl alcohol and trans-sinapyl alcohol.

CHg CHs CHg
H,C HoC HeG
Sk, oh, CH,
O O (@]
OH Me OH Me OH Me
4-hydroxyphenylpropane guaiacylpropane syringylpropane

Fig. 2.3 Building blocks and linkages in lignin mammolecules

Composition and amount of lignin varies from sped@ species. Softwoods are known to
contain higher contents of lignin, followed by haabds and grasses (Zakzeski et al., 2010).
Morevor, lignin from hardwood contains a higher hwetylcontent due to the presence of roughly
equal guaiacyl and syringyl units, compared to fr@n softwood with guaiacyl units accounting
for around 90 % of the total units (Brunow, 2008ynin basically consists of a variety of linkages
irregularly connecting various aryl ethers (Donjeset al., 2000). Although the proportion of tiees
linkages varies according to the type of wood, dgly more than two-thirds of the linkages in
lignin are ether linkages. Hardwood lignin contaatsout 1.5 times mor@-O-4-linkages than
softwood lignin (Dorrestijin et al., 2000). Othegjor linkages includ@-5-, 5-5-, 4-O-58-1-, a-O-

4 andp-B-linkages, as shown in figure 2.4.

35



30 |
E F G

Fig. 2.4 Major linkages found in lignin polymer: (A) B-O-4, (B) 5-5, (C)a-O-4, (D) B-5, (E) g-B, (F) 4-O-5, and (G)
B-1 (Pandey and Kim, 2011)

Although the proportion of these linkages variesstderably, typical values have been
listed in Table 2.1

Linkage type Softwood (spruce) Hardwood (birch)
[%] [%]

f-0-4-Aryl ether 46 60

a-0-4-Aryl ether 6-8 6—8

4-0-5-Diaryl ether 3.5-4 6.5

f3-5-Phenylcoumaran 9-12 6

5-5-Biphenyl 9.5-11 4.5

f3-1-(1,2-Diarylpropane) 7 7

f-fi-(Resinol) 2 3

Others 13 3

Tab. 2.1 Proportion of major linkages in lignin (Pandey and Kim, 2011)
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The functional groups of major influence on thectedty of lignin consist of methoxyl,
phenolic and aliphatic hydroxyl, benzyl alchohannyclic benzyl ether and carbonyl groups.

Lignin is insoluble in acids, while it can be salided using concentrated alkali bases or
organic solvents. Degradation and conversion ofiitigcan be achieved by thermochemical
treatments, which include the thermal treatmentigriin in the presence or absence of some
solvents, chemical additives and catalysts. Yieldd composition of degradation products vary
based on the process type and on the conditioriedpp

The major thermochemical lignin conversion processe summarized in figure 2.5.

' Gas: CO,CO,,H,,
Pyrolysis CH.
{ Thermolysis |
rammemeannesmmel Liquid oil
i Hydrogenolysis i ;’"ii'ﬁéiiii'l'é':"b'ﬁ'é'h'iil',""g Chemicals
T | catechol, guaiacol, 5
] ] i 5 :
| Gasification L3y, crescls
P - Aldehydes:
i H vanillin, :
Boiio B __syringaldehyde _
~ Aliphatics:
. methane, ethane, |
_branched alkanes
Oxidation ElectriCity
Char
Combustion Heat

Fig. 2.5 Major thermochemical lignin conversion praesses and their potential products (Pandey and Kin2011)

Lignin is a good candidate for oxidation or oxigaticracking due to the presence of
hydroxyl groups. The oxidative cracking reactiondives the cleavage of the lignin rings, aryl
ether bonds, or other linkages within the lignirheToxidation products of lignin range from
aromatic aldehydes to carboxylic acids, based ersélverity of the reaction conditions (Xiang and
Lee, 2000). Alkaline oxidation of softwood ligninrgduces vanillin and vanillic acid while
syringaldehyde and syringic acid are obtained frardwood lignin. Hydrogen peroxide is a very
weak acid employed for the oxidative cracking tbet degrade and solubilize lignin (Pandey and
Kim, 2011).
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2.3 Processing of lignocellulosic material to biokanol

The processing of lignocellulosic biomass to ethgmoceeds through common steps:
pretreatment, hydrolysis of cellulose and hemite#les to monomeric sugars, fermentation and
product recovery (Fig 2.6). Theetreatment has been recognized as a necessary upstreamsgroces
to promote the physical separation of lignocellidowatrix in lignin, hemicelluloses and cellulose
and reduce the cristallinity of cellulose. In tinay, the cellulose polymers are made accessible for
further conversion. (Hamelinck et al., 2005). Iiststep hydrolysis of hemicelluloses may occur, as
well as separation of the lignin fraction, depegdam the process applied.

The next step is the hydrolysis of cellulose torfentable sugars. The main sugar produced
by hydrolysis reaction is glucose:

((CsH 0Os),, + nH>0 - nCH 206).

This reaction can be performed by dilute acid, eotr@ted acid or enzymatically. The main
advantage of the acid hydrolysis is that acids penetrate lignin without any preliminary
pretreatment of biomass and it can break down #flelase and hemicellulose polymers to form
individual sugar molecules (Galbe and Zacchi, 2002)

Fermentation step is carried out by bacteria, yeastingi that ferment sugars produced
previously to ethanol under oxygen-free conditithamelinck et al., 2005).

The product from fermentation is a mixture of etblagell mass and water. Then, the first
step is to recover the ethanol in a distillatiorbeer column, where most of the water remains with
the solids part. The ethanol produced is then aarated in a rectifying column (Wooley et al.,
1999).

LIGNOCELLULOSE
|
| |
ACID HYDROLYSIS PRETREATMENT
Concentrated Dilute Acid Enzymatic Simultaneous
Acid Hydrolysis Hydrolysis Hydrolysis Saccharification
and Fermentation
(SSF)
FERMENTATION
I

|
DISTILLATION | i) | ETHANOL

Fig. 2.6 Processes for production ethanol from ligmcellulosic biomass (Galbe and Zacchi, 2002)
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2.3.1 Pretreatment: the comparison between the main technologies employed

Pretreatment is a crucial process step for thehleimical conversion of lignocellulosic
biomass into bioethanol. A pretreatment step islired to alter the structure of cellulosic biomass
to make cellulose more accessible to the enzymats dbnvert the carbohydrate polymers into
fermentable sugars (Balat et al., 2008). In faor, fmost types of biomass, the enzymatic
digestibility of the cellulose without pretreatmeist very low (<20%), (Lynd et al., 2002). A
schematic presentation of the effect of pretreatroerlignocellulosic biomass is showed in figure
2.7.

.~ Lignin
!// /— Cellulose { J \l -
' AN
Pretreatment l'f ,E;. : E’ E}E i'::
Ny e
{"':: ;) \ZZ *:“1’
‘<G /yl;_; Y
\ \ =ha

\- Hemicellulose

Fig. 2.7 Schematic presentation of effects of pretatment on lignocellulosic biomass (Harmsen et &2010)

Pretreatments methods can be classified into diftetategories: physical, physicochemical,
chemical, biological, electrical, or a combinatioihthese (Tab. 2.2, kumar et al., 2009). Different
types of raw material require different pretreattagllVyman, 2007).

Lignocellulosic biomass can be pulverized by phisipretreatments such as chipping,
grinding or milling. The goal of mechanical puhziion is to reduce the particle size of the
biomass and so to increase surface area, whicls lEadmproved cellulose hydrolysis. These
physical pretreatments do not remove effectivetylitinin or hemicellulose while costs and energy
demands are high (Wyman, 2007). Another physicahateis irradiation of cellulose byrays,
which cleaves th@-1,4-glicosidic bonds, thus given a larger surfacea and a lower cristallinity.
This method is, however, far too expensive to bedua a full-scale process (Galbe and Zacchi,
2007).

The main physico-chemical pretreatments includearst pretreatment; pretreatment of
biomass with aqueous ammonia at elevated tempegatsmch as ammonia fibre explosion-method
(AFEX) and ammonia recycle percolation (ARP); O&plosion, and methods with an oxisiding
agent, such as ozone (ozonolysis), oxygen or at ¢widation).

Steam pretreatment used to be called steam explosion, is an effigirysic-chemical methods,
often combined with k50, or SGQ as chemical agents (84.3 and 4.3.1). In the sfgatneatment
process, high temperature steam (16-260°C) andsymeg0.69-4.83 MRBas introduced into a
sealed chamber containing lignocellulosic mateAdter a period of time ranging from seconds to

39



several minutes, the material is exposed to atmegplpressure, so, in this way, the pressure is
suddenly reduced and the biomass is undergo txplostve decompression (Galbe and Zacchi,
2007; Balat et al, 2008). The effect is the sepamadf lignocellulosic matrix in individual fibers
with minimal loss of material, then lignin and aH part of the hemicelluloses is solubilised (Advir
et al., 2010; Balat et al., 2008).

Steam pretreatment without extra catalysts is kn@gnautohydrolysis. It is able to
hydrolyses hemicellulose using the acetic acidadalyst released from hemicellulose itself (Balat,
2008). Steam pretreatment requires a low energypaced to physical pretreatments (70% more
energy required) (Vessia, 2005).

The Ammonia fiber/freeze explosion(AFEX) pretreatment involves liquid ammonia and
steam explosion (Hamelinck et al., 2005).The AFEHXcpss treats lignocellulosic material with
liquid ammonia (NH), at a loading of about 1-2kg NHg dry biomass, under pressure and then
rapidly releases pressure. Pressures exceedingtm2ame required for operation at ambient
temperature (Silverstein, 2004). This system damsdirectly liberate any sugars, but allows the
polymers (hemicelluloses and cellulose) to be kRdd@nzymatically and reduced to sugars (Dale et
al., 2000). The AFEX pre-treatment yields optimgtitolysis rates for pretreated lignocellulosics
with close to theoretical yields at low enzyme logd, however this method requires efficient
ammonia recovery to be economical due to the hoghh @f ammonia (Balat, 2008).

Another type of process utilizing ammonia is t#w@monia recycle percolation(ARP)
method. In the process aqueous ammonia (10-15w/wé&skes through biomass at elevated
temperatures (150-170°C), after which the ammaniadovered (Galbe and Zacchi, 2007). ARP is
an efficient delignification method for hardwooddaagricultural residues, but is somewhat less
effective for softwood (Galbe and Zacchi, 2007).

Carbon dioxide explosionis also used for lignocellulosic biomass pretreatin The
method is based on the utilization of £43 a supercritical fluid, which refers to a fluidttisain a
gaseous form but is compressed at temperatures atsoeritical point to a liquid like density.
Supercritical pretreatment conditions can effedyiveemove lignin increasing substrate
digestibility. In aqueous solution G@rms carbonic acid, which favours the polymersrbiysis.
CO, molecules are comparable in size to water and anarawmd they can penetrate in the same
way the small pores of lignocellulose. This mechamis facilitated by high pressure. After the
explosive release of GQressure, disruption of cellulose and hemicellulsisacture is observed
and consequently accessible surface area of treratdoto enzymatic attack increases (Alvira et
al., 2010).

Current efforts to develop this method do not gota@ economic viability yet. A very high
pressure requirements is specially a concerninggis®n the other hand, carbon dioxide utilization

IS an attractive alternative to reduce costs bexafsits co-production during ethanol
fermentation. Other advantages are non toxicityn-fleammability and easy recovery after
extraction (Alvira et al., 2010).

Ozone treatmentfocuses on lignin degradation by attacking andvage of aromatic rings
structures, while hemicellulose and cellulose arlly decomposed. It can be used to disrupt the
structure of many different lignocellulosic matésjasuch as wheat straw, bagasse, pine, peanut,
cotton straw and poplar sawdust (Harmsen et alLQR@zonolysis pretreatment has an advantage

40



that the reactions are carried out at room tempexaand normal pressure. Furthermore, the fact
that ozone can be easily decomposed by using /tiataed or increasing the temperature means
that processes can be designed to minimize enveatahpollution. A drawback of ozonolysis is
that a large amount of ozone is required, which weake the process expensive (Kumar et al.,
2009).

Wet oxidation pretreatment involves the treatment of the bionvaisis water and air, or
oxygen, at temperatures above ¥€20sometimes with the addition of an alkali catalyBhis
method is suited to materials with low lignin carttesince the yield has been shown to decrease
with increased lignin content, and since a largetfon of the lignin is oxidized and solubilized
(Schmidt and Thomsen, 1998).

Chemical pretreatment methods, such as acid, atkalorganosolv pretreatments, are
considered to be the ones, in which any chemidadtances are involved.

The main objective of thacid pretreatment is to solubilize the hemicellulosic fraction of
the biomass and to make the cellulose more acdéessienzymes. This type of pretreatment can be
performed with concentrated or diluted acid buiizgtion of concentrated acid is less attractive fo
ethanol production due to the formation of inhifticompounds.

Furthermore, equipment corrosion problems and aegbvery are important drawbacks
when using concentrated acid pretreatments (Akfiral., 2010). Diluted acid pretreatment appears
as more favourable method for industrial applicsti@and have been studied for pretreating wide
range of lignocellulosic biomass (Taherzadeh andnka2007).

Two types of dilute-acid pretreatment processedyqieally used: at high-temperature (T >
160 °C), continuous-flow process for low solids iogd (weight of substrate/weight of reaction
mixture= 5-10%) and at low-temperature (T < 160, %3tch process for high solids loadings (10-
40%) (Kumar et al., 2009).

The most widely used and tested approaches arel loasdilute sulfuric However, nitric
acid, hydrochloric acid and phosphoric acid havenbtested (Kumar et al., 2009). Dilute acid
presents the advantage of solubilizing hemicelkilosainly xylan, but also converting solubilized
hemicellulose to fermentable sugars. Nevertheldspending on the process temperature, some
sugar degradation compounds such as furfural, HMFaomatic lignin degradation compounds
are detected; these affect the microorganism mksaton the fermentation step (Alvira et al.,
2010).

Some bases can be used for the pretreatment afcknlosic materials, and the effect of
alkaline pretreatment depends on the lignin coraétite materials (Kumar et al., 2009).

Alkali pretreatment processes utilize lower temperatures and presstivas other
pretreatment technologies. Alkali pretreatment ¢en carried out at ambient conditions, but
pretreatment times are on the order of hours os datyer than minutes or seconds. Compared with
acid processes, alkaline processes cause lessdrggadation, and many of the caustic salts can be
recovered and/or regenerated. Sodium, potassidniywa and ammonium hydroxides are suitable
alkaline pretreatment agents (Kumar et al., 2009).

In the organosolv processan organic or agueous organic solvent mixture withrganic
acid catalysts (HCI or $$0y) is used to break the internal lignin and hemideie bonds. The
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solvents commonly used in the process are methati@nol, acetone, ethylene glycol, triethylene
glycol, and tetrahydrofurfuryl alcohol (Thring dt,&.999).

Organic acids such as oxalic, acetylsalicylic, salicylic acids can also be used as catalysts
in the organosolvation process (Kumar et al., 2009)

In essence, the organosolv process involves simaedizs prehydrolysis and delignification
of lignocellulosic biomass supported by organiwents and, usually, dilute aqueous acid solutions.
A high yield of xylose can usually be obtained witie addition of acid (Kumar et al., 2009).
Temperatures used for the process can be as hi¢f0@sC, but lower temperatures can be
sufficient depending on the type of biomass andugeeof a catalyst (Harmsen et al., 2010).

The organosolv pretreatment produces a high-quiadityn, which might facilitate higher-
value applications of lignin such as productiorcbémicals. An advantage of this pretreatment is
the lowering of enzyme costs by separation of fighefore the enzymatic hydrolysis of the
cellulose fraction. In addition to improved acceggy of the cellulose fibres, also absorption of
cellulase enzymes to lignin is minimized by actteahoval of lignin beforehand (Harmsen et al.,
2010).

However, slvents generally used in the organosolv processl ne be drained from the
reactor, evaporated, condensed, and recycled taceethe cost. Removal of solvents from the
system is necessary because the solvents mighthiatory to the growth of microorganisms,
enzymatic hydrolysis, and fermentation (Kumar gt2009).

Biological pretreatment can be performed by applying lignin-degrading macganisms,
such as white- and soft-rot fungi, to the lignoglelse materials (Sun and Cheng, 2002). The
method is performed at low temperature and needse®f chemicals.

However, the rate of biological pretreatment preesss far too low for industrial use, and
some material is lost as these microorganisms toesextent also consume hemicellulose and
cellulose, or lignin (Hsu, 1996). Nevertheless, tiiethod could be used as a first step followed by
some of the other types of pretreatment methodb&Gad Zacchi, 2007).

Pulsed-electricfield (PEF)pretreatment involves application of a short bofdtigh voltage
to a sample placed between two electrodes (Kumalt,e2009). PEF pretreatment can have serious
effects on the structure of plant tissues leadmgapid electrical breakdown and local structural
changes of the cell membrane and the cell wall.

The electric field results in a dramatic increasaniaiss permeability and, in some cases,
mechanical rupture of the plant tissue. By applyghectric pulses with high field strengths, PEF
pretreatment can create permanent pores in thenegfibrane and hence facilitate the entry of acids
or enzymes used to break down the cellulose istoahstituent sugars.

PEF pretreatment can be carried out at ambientitbomsl and energy use is low because
pulse times are very short (100 us), (Kumar e24al09).

The main technology used for the pretreatmentainbiss are summarized in table 2.2.
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Method Operating conditions Advantages Disadvantages
Physical Chipping Room temperature/ Energy | Reduces cellulose critallinity Power consumption
Grinding input <30Kw per ton higher than inherent
Milling biomass biomass energy
Physico- Steam 160-260°C (0,69-4,83MPa) for | Causes hemicellulose auto Destruction of a
chemical pretreatment several second (~15 min in hydrolysis and lignin portion of the xylan
the range 200-230°C) transformation; cost-effective fraction; incomplete
for hardwoods and distruption of the
agricultural residues lignin-carboydrate
matric; generation of
compounds
inhibitory; less
effective for
softwoods
AFEX 90°C for 30 min.1-2kg Increases accessible surface Do not modify lignin
(Ammonia fiber | ammonia /kg dry biomass area, removes lignin and neither hydrolyzes
explosion hemicellulose; hemicellulose ;
method)
ARP (Ammonia | 150-170°C for 14 min Increases accessible surface Do not modify lignin
recycle Fluid velocity 1em/min area, removes lignin and neither hydrolyzes
percolation hemicellulose; hemicellulose ;
method)
4kg CO2/kg fiber at 5.62 Do not produce inhibitor for It is not suitable for
CO2 explosion MPa downstream processes. biomass with high
160 bar for 90 min at 50 °C Increases accessible surface lignin content (such
under supercritical carbon area, does not cause formation | as woods and nut
dioxide of inhibitory compounds shells)
Does not modify
lignin neither
hydrolyze
hemicelluloses
Ozonolysis Room temperature Reduce lignin content; does Expensive for the
not produce toxic residue ozone required;
Wet oxidation 148-200°C for 30 min Efficient removal of lignin; High cost of oxygen
Low formation of inhibitors; and alkaline catalyst
low energy demand
Chemical | Acid hydrolysis: | Type I: T>160°, continuous- | Hydrolyzes hemicellulose to Equipment corrosion;
dilute-acid flow process for low solid xylose and other sugar; alters | formation of toxic
pretreatment loading 5-10%,)-Type II: lignin structure substances
T<160°C, batch process for
high solid loadings (10-40%)
Alkaline Low temperature; long time | Removes hemicelluloses and Residual salts in
hydrolysis high ; concentration of the lignin; increases accessible biomass
base; surface area
For soybean straw: ammonia
liquor (10%) for 24 h at room
temperature
Organosolv 150-200 °C with or without Hydrolyzes lignin and High costs due to the
addition of catalysts (oxalic, | hemicelluloses solvents recovery
salicylic, acetylsalicylic acid)
Biological Several fungi (brown-, Degrades lignin and Slow hydrolysis rates
white- and soft-rot fungi hemicelluloses; low energy
requirements
Electrical | Pulsed electrical | ~2000 pulses of 8 kV/cm Ambient conditions; disrupts | Process needs more

field in the
range of 5-20
kV/cm,

plant cells; simple equipment

research

Tab. 2.2 Methods for biomass lignocellulosic pretrment (Kumar et al., 2009)
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2.3.2 Hydrolysis: cellulose degradation strategies by means acids or enzymes

The cellulose hydrolysis in the biomass, in oradeobtain simpler sugar molecules, can be
performed by acids or enzymes.

It has been known for over 100 years that acidsaactatalyst to convert cellulose and
hemicellulose into hexose and pentose sugars. €ha@lase molecule is characterized by 3-1,4-
glucosidic linkages between sequential glucosesuiiihere are three reactive hydroxyl groups in
each glucose unit. Acid can attack the 3-1,4-gldoodinkages in cellulose leading to degradation.
The reaction includes: the rapid protonation ofghesosidic oxygen atom, the transfer of a positive
charge to the number one carbon producing a cymidonium cation and cleavage of the
glucosidic linkage, and finally, the addition ofteato the carbonium ion (Fig. 2.8; Krassig, 1993).
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Fig. 2.8 The acid-catalyzed hydrolysis of cellulog®e yield glucose

Several types of acids, concentrated or diluted,lmused, such as sulphurous, sulphuric,
hydrocloric, hydrofluoric, phosphoric, nitric andrinic acid (Galbe and Zacchi, 2002). Sulphuric
and hydrochloric acids are the most commonly usadlysts for hydrolysis of lignocellulosic
biomass (Lenihan et al., 2010).

The acid concentration used in the concentrated lailrolysis process is in the range of
10-30%. The process occurrs at low temperaturegjueing high yields (i.e. 90% of theoretical
glucose yield) (Iranmahboob et al., 2002). Howetais process requires large amounts of acids,
causing corrosion problems to the equipment.

The main advantage of the dilute hydrolysis procgesgbe low amount of acid required (2-
5%). However this process must be carried outglt lkemperatures to achieve acceptable rates of
cellulose conversion. The high temperature incieaiee rates of hemicellulose sugars
decomposition, causing inhibition in the subsegudennentation stage (Larsson et al., 1999). In
addition, high temperatures increase the equip@mnosion (Jones and Semrau, 1984).

In 1999, the Bat Conservation International (BCF) Wnited States has marketed a
technology based on two-step dilute acid hydrolysi®rder to decrease the sugars degradation. In
the first hydrolysis stage, hemicellulose is hygreld under rather mild conditions (170-190°C).
This enables the second acid hydrolysis step ta@ema at more severe conditions without
degrading the hemicellulose. In the second stepcéllulose is hydrolyzed in the range of 200-
230°C (Wyman, 1999). In 1991, the Swedish Ethanelvdlopment Foundation (now: the
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Bioalcohol Fuel Foundation) developed a processhertwo—stage dilute acid hydrolysis, known
as the CASH process, using a sulphur dioxide impegn in the first step, and a diluted
hydrochloric acid in the second step. In 1995 fhundation has focused researches on a two-step
dilute-acid hydrolysis process for softwoods ussn{phuric acid (Galbe and Zacchi, 2002).

In nature, various cellulolytic microorganisms puod enzymes that are able to degrade
hemicellulose and cellulose in fermentable sugdilés enzymes are classified based on their
substrate and mode of action, as recommended brthgme Commission (EC). It is possible to
distinguishcellulaseandhemicellulasgxylanases, glucomannases and galactomannasegmen
However, some enzymes can act both on cellulose@argmicellulose substrates, i.e. Cel5AT of
reesej which has both endoglucanase and xylanase ac{Bdiley et al., 1993). Enzymes acting
inside the polymer chain are generally called eandbnymes, while those acting on the end of the
polymer chain are called exoenzymes.

Active research on enzymes regulating celluloseattgion and related polysaccharidases
began in the early 1950s, owing to their enormooiermgial to convert lignocellulose, the most
abundant and renewable source of energy on Eartlucose and soluble sugars (Bhat, 2000).
Enzymatic hydrolysis of cellulose consists of thséeps: adsorption of cellulases to the surface of
the cellulose, hydrolysis of cellulose to gluccsed desorption of cellulases.

Cellulases are classified as endoglucanases or eh@B-glucanases (EC 3.2.1.4),
exoglucanases or cellobiohydrolases or exd-D4lucanases (EC 3.2.1.91) and 3-glucosidases or
B-D-glucoside glucohydrolases (EC 3.2.1.21). Endoghases (EG) act inside the cellulose chain in
a random manner. It cleaves the 3-1,4-glucosidl@tjes of cellulose structure in random positions
to produce oligomeric chain fragments. Exo-glucasadeave glucose dimers (cellobiose) from the
end of shorter oligosaccharides. R-Glucosidasdocatlease D-glucose units from cellobiose and
soluble cellodextrins (Xu et al., 2007).

Cellulase enzymes are regarded to act synergigtioal cellulosic substrates. The first
synergistic model was introduced in the early 195@sReese et al. (1950), when they have
reported, that enzymes called cellulases consiat [&#ast two consecutive systems:add Cx. C1
acts in an unspecified way to disrupt the crystalktructure of cellulose, while Cx encompasses all
B-1,4-glucanase action, including the exoglucanasesthe endoglucanases (Reese et al., 1950).
Thus, the picture of the cellulase system fromvilegy of the late 1960s was limited by proposition
of the as-yet-uncharacterized C factor (Xu, 20Q&xer, Petterson (1972) has verified, that C
enzymes have real, endo-type hydrolytic activityd &dx enzymes are exo-enzymes releasing
cellobiose from the end of the cellulose chain. faming of the enzymes has changed from C1 to
endoglucanases and from Cx to cellobiohydrolasedetkky et al. (1994) have observed that
synergistic effect may not only arise among endomhases and cellobiohydrolases (endo-exo
synergism), but also among the two exoglucanas@sdxo synergism). More recently, synergistic
effect has been verified between cellulases andde#ioiases as well (Selig et al., 2008).

The use of enzymes in the hydrolysis of cellulasenore advantageous than the use of
chemicals, because enzymes are highly specificcandwork at mild process conditions. On the
other hand, enzymatic hydrolysis has its own pmoklecompared to dilute-acid hydrolysis. A
hydrolysis time of several days is necessary fayeratic hydrolysis (Tengborg et al., 2001),
whereas a few minutes is enough for the acid hydi®(Taherzadeh and Karimi, 2007). The prices
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of the enzymes are much higher than e.g. sulfwit #hat is used in acid hydrolysis (Sheehan and
Himmel, 1999). In acid hydrolysis, the final protgice.g. released sugars, do not inhibit the
hydrolysis. However, in enzymatic hydrolysis, theyars released inhibit the hydrolysis reaction
(Taherzadeh and Karimi, 2007). In order to overcdhie problem, simultaneous saccharification
and fermentation (SSF) was developed, in which dhgars released from the hydrolysis are
directly consumed by the present microorganismsn\dfy, 1996). However, since fermentation
and hydrolysis usually have different optimum terap&res, separate enzymatic hydrolysis and
fermentation (SHF) is still considered as a ch@i@herzadeh and Karimi, 2007).

There are other non-catalytic proteins, such asmsips or swollenins, which have been
shown to disrupt the crystalline structure of delk, thus making it more accessible for enzymes
(Jagrgensen et al., 2007). This may show a neweglyab improve hydrolysis, to increase substrate
accessibility for non-processive enzymes, rathantbn improving the properties of processive
enzymes (Horn et al., 2006).

2.3.3 Fermentation

The final step of upstream processes is the fertientof monomer sugars to ethanol. The
most common ethanologenic microorganism is bakgeg’st Saccharomyces cerevis)aavhich
forms ethanol from sugars under anaerobic conditynthe following reaction:

CsH 1206 » 2C,HsOH + 2CO,

Sugars are first converted to pyruvate in the diais. In most microorganisms, lactic acid
is formed under anaerobic conditions, but in casetanologen microorganism, pyruvate is first
converted to acetaldehyde, then to ethanol. Thitalmoéic pathway is less efficient, than the
tricarboxylic acid cycle, but can be performed lre tabsence of oxygen. However, ethanologen
microbes can form ethanol in the presence of oxygédmen the glucose concentrations are higher
than the maximum that can be consumed by tricalmayid cycle, which is the so-called Crabtree
effect. This is the basis of the very high grawtyanol fermentation, when ethanol is produced
under aerobic conditions (Bvochora et al., 2000).

The biopolymers hydrolysis and the sugar fermemtasteps can be performed separately
(SHF, separate hydrolysis and fermentation) or kanaously (SSF, simultaneous saccharification
and fermentation). SSF technology is generally iclened more advantageous than SHF
technology, for several reasons:

1) reduced number of the process steps (Koon Ong,)2004
2) Reduced end product inhibition because of the drapnversion of the glucose into ethanol by
yeast (Viikari et al., 2007)
3) Reduced contamination by unwanted microorganisnakih to the presence of ethanol
(Elumalai and Thangavelu, 2010).
However, the optimum temperature for enzymatic blysis is typically higher than that of
fermentation, so that in SHF process, the temperdtu the enzymatic hydrolysis can be optimized
independently from the fermentation temperaturegeres a compromise must be found in SSF

process (Olofsson et al., 2008). Another obstatlihne® SSF process is the difficulty to carry out
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continuous fermentation by recirculating and regdime yeast because the presence of the solid
residues from the hydrolysis. On the whole, highdsoloadings are usually required to obtain
higher ethanol levels in the fermentation broths. plarticular, solids loadings of pretreated
lignocellulose feedstock close to 30% (w/w) wouldreed to reach an ethanol concentration of 4-
5% that is considered a threshold level for a suelde distillation process. However, increasing
the amount of the solids content in a bioreactbe hydrolytic performances of the enzymes
mixture tends to worsen. In particular, the highiah substrate consistency causes the viscosity
increase that is an obstacle toward the homogeraalsffective distribution of the enzymes in the
bioreactor (Sassner et al., 2006). This problemdcbe partly overcome by using thermostable
enzymes. In particular, the hydrolysis could beied out in two steps: a former step at elevated
temperatures with thermostable hydrolytic enzymiispnoduce the liquefaction of biomass (SHF);
the latter step, aimed at completing the biomassasdication, could be carried out at milder
temperatures by using the SSF approach (Olofssaln, 2008).

2.4 Conclusions

In this chapter an overview of the current knowkedon the lignocellulosic biomass
structure and its using for bioethanol productias been presenteédarious pretreatment processes
for lignocellulosic biomass, and their advantaged disadvantages, are discussed. The choice of
the pretreatment technology used for a particulambss depends on its composition and the
byproducts produced as a result of pretreatmenesé@hfactors significantly affect the costs
associated with a pretreatment methAd.the pre-treatment is finished, the celluloserepgared
for hydrolysis, which means the cleaving of a moledy adding a water molecule. This reaction is
catalysed by dilute acid, concentrated acid or erwsy (cellulase). The use of enzymes in the
hydrolysis of cellulose is more effective than tiee of inorganic catalysts, because enzymes are
highly spefic and can work at mild process condgidn spite these advantages, the use of enzymes
in industrial applications is still limited by sewa factors: the costs of enzyme isolation and
purification are high and for enzymatic hydrolyaisydrolysis time of several days is necessary. In
addition, in enzymatic hydrolysis, the sugars rebehinhibit the hydrolysis reaction. In order to
overcome this problem, simultaneous saccharifinaiod fermentation (SSF) process has been
developed.
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3. Enzymatic Hydrolysis of Lignocellulosic Biomass:
Current Status of Process and Future Perspectives

3.1 Introduction

Enzymatic hydrolysis means the breakdown of cedelto monomer sugars by cellulase
enzymes. Cellulase are produced by various bactni fungi that can have -cellulolytic
mechanisms significantly different. In recent yeagenes encoding cellulases from some
invertebrate animal taxa, such as nematodes, &sraitd cockroaches, have also been isolated. The
use of enzymes in the hydrolysis of cellulose igereffective than the use of inorganic catalysts,
because enzymes are highly specific and can workiilt process conditions. In spite these
advantages, the use of enzymes in industrial agipits is still limited by several factors: most
enzymes are relatively unstable at high temperstiine costs of enzyme isolation and purification
are high and it is quite difficult to recover enagrfrom the reaction mixtures.

Currently, extensive researches are being cartedoostep up hydrolysis by improving the
properties of cellulases. Nowadays, enzymes producompanies, such as Novozyme and
Genencor, have invested in the production of cadle$ cocktails, obtained by enzymes assembly
(multienzyme mixtures), or to construct engineenadrorganisms. In addition, cellulases with
improved thermostability have been isolated frivarmophilic microorganisms. These enzymes
have high specific activity and increased flexiiliFor these reasons they could work at low-
dosages and the higher working temperatures cquéeds up the hydrolysis reaction time. As
consequence, the overall process costs could beedd

Major impediments to exploiting the commercial paigl of cellulases are caused by the
high cost of enzymes and by the inability to reecdxem from the reaction mixture. To overcome
these problems, the immobilization of enzymes Has been proposed. Currently, immobilized
enzymes are well established in the industrial ssecsuch as food production, brewing,
pharmaceuticals, medicine, textiles, detergentsiarnte so called green chemistry, because their
use is more advantageous than non-immobilized eegymihe main advantages are an easier
recovery and reuse of the catalysts for more readtiops. Also, enzyme immobilization frequently
results in improved thermostability or resistaneatiear inactivation and so, in general, it cap hel
to extend the enzymes lifetime.

This chapter contains an overview of the lignode8lic hydrolysis process. Several process
issues are deepening: cellulase enzyme systemsedintbse hydrolysis mechanisms, commercial
mixtures, currents limits in the cellulose hydradysinnovative bioreactors technologies and
improved biocatalysts.

3.2 Cellulases

Cellulases are O-glycosyl hydrolases (GHs) that distinguished from other glycoside
hydrolases by their ability to hydrolyze interif}al ,4-glucosidic linkages of cellulose chains. These
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are proteins with molecular weights ranging from080 to 60,000 Dalton and a typical ellipsoid
arrangement with dimensions from 30 minutes to 2@X A (Sun and Cheng, 2002).

Cellulases have tradionally been divided into thregor groups involved in the hydrolysis
process of cellulose (82.3.2):

endoglucanase (endo-1,4-b-D-glucanase, EG, EC .&)2.Which attacks region of low
cristallinity in the cellulose fiber by endoactiameating free chain-ends;

exoglucanases or cellobiohydrolases (exo-1,4-btleagilase, CBH, EC 3.2.1.91) which
hydrolyze the 1,4-glycocidyl linkages at either tteglucing or non-reducing ends of cellulose
chains to form cellobiose (glucose dimer);

B-glucosidase (1,4-b-D-glucosidase, BG, EC 3.2.1v#iirh converts cellooligosaccharides
and the disaccharide cellobiose into glucose residuenting and Warmoeskerken, 2001).

Typical cellulases contain one o more catalytic dmfs) (CD), one or more distinct
carbohydrate binding module(s) (CBMs), which werevpusly called cellulose-binding domains
(CBD), and a glycosylated and flexible linker peptconnecting CBMs to CD (Fig. 3.1; Xu et al.,
2007).

fl 2 ¥ Linker
A= eptide

& oy o : " Cellulose
<rx } catalytic

” ’
& £ domain

binding
domain

Fig. 3.1 Multi-domain structure of T. reesei Cel7A(from NREL), catalytic domain, linker and
carbohydrate binding module

3.2.1 Carbohydrate binding module

CBM is the most common accessory module of celdaand serves for cellulolytic
enzymes as an attachment to substrate (Watson 20@9). Its major function is to deliver resident
catalytic domain to crystalline cellulose. Bindiafjthe cellulase via CBM is extremely stable, yet
still allows the enzymes to diffuse laterally acde surface of the substrate. There are numerous
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examples in the literature where removal of the C&M8ults in a significantly reduced activity of
the enzymes on crystalline cellulose probably beeaf a decreased binding capacity (Igarashi et
al., 2008). CBMs, varying in size from 4 to 20 kae located commonly at one end of the protein
sequence that binds to certain substrate. All CRMe aromatic and often polar residues for
interactions with their target (Kubicek et al., 2D0It has been postulated that the aromatic amino
acids of the CBMs, most often tyrosines and tryptoys, form van der Waals interactions and
aromatic ring polarization interactions with thergnyose rings exposed on the crystalline face of
cellulose (Watson et al., 2009). This interactien supplemented by polar residues forming
hydrogen bonds (Kubicek et al., 2009). The stackimgractions between this linear strip of
aromatic residues on the plane of the CBM surfaxckthe glucose rings along one of the cellulose
chains are considered the major factor in the neitiog and strong binding (Zhang et al., 2004).

3.2.2 Catalytic domain

CD of cellulases is the largest functional regidrcellulose and includes a chitin-binding
region and a cellulose-binding region (Wang et 2004). The main topological arrangements of
CDs active site found in cellulases are: a cleftgf@ove), mostly suited for processive endo-attack
and a tunnel, uniquely suited for processive exacht (Fig. 3.2; Kubicek et al., 2009t is
suggested, that endoglucanases have a more opea sit¢ cleft, whereas related exoglucanase
(cellobiohydrolases) have tunnel shaped actives §@&avies and Henrissat, 1995). Cleft or groove
is an “open structure”, allows a random bindingseferal sugar units in polymeric substrates.
Tunnel arises from the previous one when the praeolves long loops that cover part of the cleft
(Davies and Henrissat, 1995). 3-glucosidases hasteep shape active site (Kleywegt et al., 1997).

Cleft (endoglucanase) Tunnel (exoglucanase)

Fig. 3.2 Topological arrangements of catalytic doma in endo- and exoglucanase

3.2.3 Lynker region

Linker region is capable to connect the independatdlytic core to CBM (Mosier et al.,
1999). Its structure varies widely among cellulasesywhere from 5 to 100 residues in length and
an average of 3.0-0.7 A/residuend its sequence is rich in proline and hydroxyire acids (Ting
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et al., 2009). In particular, the role of the linkeetween the two domains is not known, but
enzymatic activity is sometimes affected when thker peptide has been shortened or completely
deleted suggesting that it should be of sufficiength and/or flexibility to ensure an independent
action of the two functional modules (Receveur 082).

3.3 Cellulolytic capability of organisms: Differerce in the cellulose-
degrading strategy

A wide range of microorganisms produce completdulmse system, including aerobic
bacteria Pseudomonas, Actinomycetefacultative anaerobe bacteriBagillus, Cellulomongs
strict aerobe bacteriaC(ostridium strainy and a large variety of fungal specidgi¢hoderma,
Penicillum, Aspergillus (Sun and Cheng, 2002). Moreover, cellulase gémes Termites have
been isolated (Tokuda et al., 1999)

Different strategies for the cellulose degradateme used by the cellulase-producing
microorganisms: aerobic bacteria and fungi secsetable extracellular enzymes known ra@n
complexed cellulase systemnaerobic cellulolytic microorganisms produmamplexed cellulase
systemscalledcellulosomegSun and Cheng, 2002). A third strategy was pragpasesxplain the
cellulose-degrading action of two recently discedebacteria: the aerobigytophaga hutchinsonii
and the anaerobi€ibrobacter succinogengimeén et al., 1997).

* Non-complexed cellulase system. One of the most fully investigated noamplexed
cellulase systens theTrichoderma reesdieleomorphHypocrea jecoringmodel.

T. reeseiis a saprobic fungus, known as an efficient prodwafeextracellular enzymes
(Bayer et al., 1998). Itaon-complexed cellulase system includes two cedlojmrolases, at least
seven endoglucanases, and several 3-glucosidagesver, inT. reeseicellulases, the amount of
3-glucosidase is lower than that needed for theiefit hydrolysis of cellulose into glucose. As a
result, the major product of hydrolysis is celld®o This is a dimer of glucose with strong
inhibition toward endo- and exoglucanases so thataccumulation of cellobiose significantly
slows down the hydrolysis process (Gilkes et &91). By adding 3-glucosidase to cellulases from
either external sources, or by using co-culturagesys, the inhibitory effect of cellobiose can be
significantly reduced (Ting et al., 2009).

It has been observed that the mechanism of cedlubwxymatic hydrolysis by.reesei
involves three simultaneous processes (Ting e2@09):

1. Chemical and physical changes in the celluladid phase. The chemical stage includes
changes in the degree of polymerization, whileghgsical changes regard all the modifications in
the accessible surface area. The enzymes spedaifictibn involved in this step is the
endoglucanase

2. Primary hydrolysis. This process is slow andlags the release of soluble intermediates
from the cellulose surface. The activity involvedhis step is theellobiohydrolase.

3. Secondary hydrolysis. This process involvedunder hydrolysis of the soluble fractions
to lower molecular weight intermediates, and ultehato glucose. This step is much faster than
the primary hydrolysis and 3-glucosidases playl@far the secondary hydrolysis.
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» Complexed cellulase system. Cellulosomes are produced mainly by anaerobiceb@actbut
their presence have also been described in a femerabic fungi from species such as
Neocallimastix Piromyces andOrpinomyceqTatsumi et al., 2006; Watanabe and Tokuda, 2010).
In the domain Bacteria, organisms possessing ostmhes are only found in the phylum
Firmicutes classClostridia, order Clostridiales and in theLachnospiraceaeand Clostridiaceae
families. In this latter family, bacteria with cglbsomes are found in various clusters of the genus
Clostridium (McCarter and Whiters, 1994; Wilson03).

Cellulosomes are protuberances produced on thevedlof the cellulolytic bacteria grown
on cellulosic materials. These protuberances ablestenzyme complexes tightly bound to the
bacteria cell wall but flexible enough to bind sigty to cellulose (Lentig and Warmoeskerken,
2001). A cellulosome contains two types of subumits-catalytic subunitscalledscaffolding and
enzymatic subunit§'he scaffoldin is a functional unit of cellusoméjich contain multiple copies
of cohesinghat interact selectively with domains of #rezymatic subunit€BD (cellulose binding
domains) and CBM (carbohydrates binding modules@s€é have complementary cohesins, called

dockerins, which are specific for each bacterigcsgs (Fig. 3.3; Gilligan and Reese, 1954;
Lynd et al., 2002; Arai et al., 2006).

For the bacterial cell, the biosynthesis of a ¢elame enables a specific adhesion to the
substrate of interest without competition with athmicroorganisms. The cellulosome allows
several advantages: (1) synergism of the cellujg¢sbsence of unspecific adsorption (McCarter
and Whiters, 1994; Zhang and Lynd, 2004). Thanksitdointrinsic Lego-like architecture,
cellulosomes may provide great potential in biofulustry. The concept of cellulosome was
firstly discovered in the thermophilic cellulolytiand anaerobic bacteriumClostridium
thermocellumWyman, 1996). It consists of a large number otgins, including several cellulases
and hemicellulases. Other enzymes that can bededlin the cellulosome are lichenases.

SUBUNITS OF ENZYME
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Fig. 3.3 Schematic representation of a cellulosoma
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*Third cellulose-degrading strategy. The third strategy was recently proposed to exjilese
cellulose-degrading behavior of two recently segeéenbacteria:Cytophaga hutchinsoniand
Fibrobacter succinogene@imén, 1997).C. hutchinsoniiis an abundant aerobic cellulolytic soll
bacterium (Fagerstam and Petterson, 1984), whigiccinogenes an anaerobic rumen bacterium
which was isolated by the Rockville (Maryland, USAhd San Diego (California, USA) Institute
of Genomic Research (TIGR) (Mansfield et al., 1998Yhe aerobi€. hutchinsoniino genes were
found to code for CBM and, in the anaerobBicsuccinogenesjo genes were identified to encode
dockerin and scaffoldin. Thus, a third cellulosgraeling mechanism was proposed. It includes the
binding of individual cellulose molecules by outerembrane proteins of the microrganisms
followed by the transport into the periplasmic spadere they are degraded by endoglucanases
(Imén, 1997).

3.4 Characteristics of the commercial hydrolytic eaymes

Most cellulase enzymes are relatively unstableigit temperatures. The maximum activity
for most fungal cellulases and 3-glucosidase ocati'sO+5°C and a pH 4.5- 5 (Taherzadeh &
Karimi, 2007; Galbe & Zacchi, 2002). Usually, thégse about 60% of their activity in the
temperature range 50-60 °C and almost completsly &ctivity at 80°C (Gautam et al., 2010).
However, the enzymes activity depends on the hydi®lduration and on the source of the
enzymes (Tengborg et al., 2001).

In general, cellulases are quite difficult to use prolonged operations. As mentioned
before, enzyme production costs mainly depend enpitoductivity of the enzymes-producing
microbial strain. Filamentous fungi are the majourse of cellulases and mutant strains of
Trichoderma(T. viride, T. reesei, T. longibrachiatyrhave long been considered to be the most
productive (Gusakov et al., 2005; Galbe & ZacchD2).

Preparations of cellulases from a single organisay mot be highly efficient for the
hydrolysis of different feedstock. For exampldyrichodermareeseiproduces endoglucanases and
exoglucanases in large quantities, but its R-gidesg activity is low, resulting in an inefficient
biomass hydrolysis. For this reason, the goal efethzymes producing companies has been to form
cellulases cocktails by enzymes assembly (multierzymixtures) or to construct engineered
microrganisms to express the desired mixtures (Matkt al., 2008).

Enzyme mixtures often derive from the co-fermeptatf several micro-organisms (Table
3.1; Ahamed and Vermette, 2008; Kabel et al., 2@&5tin et al., 2007).
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Commercial FPU Cellobiase Proteins i TSI 1T
mixture (U/ml)= (Ufml)b (U/ml)e PP
Bio-feed beta L <3 12 5 T. longibrachiatum Novozymes
T. reesei {Bagsvaerd,
Denmark)
Cellubrix 36 134 43 T. longibrachiatum Novozymes
(Celluclast) AL niger
Cellulase 2000L 10 nd 7 T. longibrachiatum | Rodhia -Danisco
T. reesei (Vinay, France)
Cellulywve 50L 24 nd 34 T. longibrachiatum Lyven
T. reesei (Colombelles
France)
Energex L «5 19 28 T. longibrachiatum MNovozymes
T, reeser
G220 1164 5 fd T. longibrachiatum |Genencor-Danisco
T. reesei (Rochester, USA)
G440 <3 70 29 T. longibrachiatum Genencor
T, reeser
GCER0 <5 2E 43 T. longibrachiatum Genencor
T. reesei
MNovozymes 185 <5 1,118 bt Amniger MNovozyvmes
Rohament CL Al 28 44 T. longibrachiatum T. Ehom-AB
reesel Enzymes
[ Rajaméki,
Finland)
Spezyme CP 49 nd 41 T. longibrachiatum Genencor
T. reesel
Ultraflo L <5 20 18 T. longibrachiatum Novozyvmes
T. reesei
Viscozyme L =5 23 27 5 L'cngii'-rﬂr.'.'m.!.‘un: MNovozymes
T. reesei
Viscostar 150L 33 111 40 T. longibrachiatum T.| Dyadic (Jupiter,
reesg] Usa)

A) One FPU (filter paper unit} is the amount of enzyme that forms 1 ymol of reducing sugars/ min
during the hvdrolysis reaction of filter paper Whatman No.1
B) One CBU (cellobiase unit) corresponds to the amount of enzyme which forms 2 umol of glucose /min

from cellobiose

Tab. 3.1 Commercial cellulases

All the commercial cellulases listed in table abdwae an optimal condition at 50°C and
pH of 4.0-5.0. More recently, some enzymes produbare marked new mixtures able to work in a
higher temperature ranging from 50 to 60°C (Tab®).3
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Commercial mixture B-glucosidase pH | Temperature (*C) Source Supplier
activity({U/mlj=
Biocellulase A 32 3] b5 A, niger Quest Intl.
(Sarasota, Fl)
Cellulase AP 30K Bl 45 &l A. niiger Amano
Enzyme Inc.

Tab. 3.2 Commercial cellulases able to work at tengpature ranging from 50 to 60°C

In 2010, new enzymes were produced by two leadiompanies, Novozymes and
Genencor, supported by the USA Department of Endd§)E). Genencor has launched four new
blends: Accelerase®1500, Accelerase®XP, Accelerase® and Accelerase®BG.
Accelerase®1500 is a cellulases complex (exogligmnandoglucanase, hemi-cellulase and R3-
glucosidase) produced from a genetically modifiedis of T. reesei.

All the other Accelerase are accessory enzymes lexes Accelerase®XP enhances both
xylan and glucan conversion; Accelerase® XC costdiemicellulose and cellulase activities;
Accelerase® BG is a 3-glucosidase enzyme. In Fep2@10, Genencor has developed an enzyme
complex known as Accellerase®Duet which is produséth a genetically modified strain af.
reeseiand which contains not only exoglucanase, endeglase, 3-glucosidase, but also it includes
xylanase. This product is capable of hydrolyzingndicellulosic biomass into fermentable
monosaccharides such as glucose and xylose (Ganeodo}.

Similarly, Novozymes has produced and commercidliB® new enzymatic mixtures:
cellic Ctec, and cellic Htec. Cellic Ctec is usaccombination with Cellic HTec and this mixture is
capable to work with a wide variety of pretreateddstocks, such as sugarcane bagasse, corn cob,
corn fiber, and wood pulp, for the conversion o tarbohydrates in these materials into simple
sugars (Novozyme, 2010)

Novozyme has recently developed two new enzymaiitunes: Cellic Ctec2, a cellulase
complex for degradation of cellulose to fermentahlgar, and HTec2, a endoxylanase with high
specificity toward soluble hemicelluloses

In order to meet the future challenges, innovabigprocesses for the production of new
generation of enzymes are needed. As already Hdesdgrconventional cellulases work within a
range of temperature around 50°C and they aredlpimactivated at temperatures above 60-70 °C
due to disorganization of their three dimensiomalctures followed by an irreversible denaturation
(Viikari et al., 2007). Some opportunities of preseimprovement derive from the use of
thermostable enzymes.

! Genencor, products, 14 January 2010, avaible from: http:// www.genencor.com/ wps/ wcm/ connect/ genencor/ genencor/
products and services/ business development/ biorefineries/ products/ accellerase product line en.htm

Novozyme, brochure, 29 January 2010, Viable from: http:// www.bioenergy. novozymes.com/ files/ documents/
Final %20Cellic%20Product %20Brochure_ 29]Jan2010.pdf

3 Novozyme, brochure, Viable from: http:/ /www.scienceplease.com/files/products/overviews/ cellicctec2.pdf
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3.5 Enzymes for the cellulose liquefaction: Thermdplic enzymes

The thermophilic microrganisms can be grouped igrrttophiles (growth up to 60 °C),
extreme thermophiles (65-80 °C) and hyperthermeph(B85-110 °C). The unique stability of the
enzymes, produced by these microrganisms, at el@vemperatures, extreme pH and high
pressure (up to 1000 bar) makes them a valuabdeimas for the industrial bioprocesses that run at
harsh conditions (Demain et al.,, 2005). Of spegrgkrest it is the thermoactivity and
thermostability of these enzymes in the presencéiighh concentrations of organic solvents,
detergents and alcohols. On the whole, thermopéiimymes have an increased resistance to many
denaturing conditions such as the use of detergehish can be used to obviate the irreversible
adsorption of cellulases on the substrates. Furmibiex, the utilization of high operative
temperatures, which cause a decrease in viscasttyaa increase in the diffusion coefficients of
substrates, has a significant influence on theluloske solubilization. It is worth noting that,
differently from the mesophilic enzymes, most thepmilic cellulases did not show inhibition at
high level of reaction products (e.g. cellobiosed gtucose). As consequence, higher reaction rates
and higher process yields are expected (Bergqumit,e2004). The high process temperature also
reduces any contamination of fermentation medium.

Several cellulose degrading enzymes from variowsnmbphilic organisms have been
investigated. These include cellulases mainly tedlafrom anaerobic bacteria such as
Anaerocellum thermophilur(@verlov et al., 1998)Clostridium thermocellun{fRomaniec et al.,
1992), Clostridium stercorarium(Bronnenmeier et al., 1991; Bronnenmeier and Stalauer,
1990) andCaldocellum saccharolyticurfie’o et al., 1995)Pyrococcus furiosugMa and Adams,
1994), Pyrococcus horikosh{Rahman et al.,1998Rhodothermusstrains (Hreggvidsson et al.,
1996), Thermotoga sp (Ruttersmith et al., 1991 hermotogamarittima (Bronnenmeier et al.,
1995), Thermotoga neapolitan@ok et al., 1998).

Xylanase has been detectedAoidothermus cellulolyticugh different Thermus Bacillus
Geobacillus AlicyclobacillusandSulfolobalespecies (Sakon et al., 1996).

Although many cellulolytic anaerobic bacteria, sadClostridium thermocellumproduce
cellulases with high specific activity, they do nmmtoduce high enzymes quantities. Since the
anaerobes show limited growth, most researchesi@enmbstable cellulases production have been
addressed to aerobic species. Several mesophitroderately thermophilic fungal strains are also
known to produce enzymes stable and active at tagiperatures. These enzymes are produced
from species such aShaetomium thermophildVenturi et al., 2002),Talaromyces emersonii
(Grassick et al., 2004T,hermoascus aurantiacifParry et al., 2002).

They may be stable at temperatures around 70 °Cpfolonged periods. Table 3.3,
summarizes some of thermostable enzymes isolatedArchea, Bacteria and Fungi.

During the last decade several efforts have beentedé to develop different mixtures of
selected thermostable enzymes. In 2007, mixturetharinostable enzymes, including cellulases
from Thermoascus auranticu$hrichoderma resegAcremonium thermophilurand Thermoascus
auranticus have been produced by ROAL, Finland (Viikari &t 2007). Multienzyme mixtures
were also reconstituted using purifiétrysosporium lucknowens@zymes (Gusakov et al., 2005).
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Despite the noticeable advantages of thermostaizignges, cultivation of thermophiles and
hyperthermophyles requires special and expensivdianand it is hampered by the low specific
growth rates and product inhibition (Krahe et 4896; Schiraldi et al., 2002; Turner et al., 2007)
Large scale commercial production of thermostalbieymes still remains a challenge also

dependent on the optimization of their productiemf mesophilic microorganisms.

Archea
H T Stabili
Enzymes Organism p optimum . ty References
optimum R (half life)
O
Pyrococcus furiousus 5 102 13h at 110°C Lebbinik et al., 2001
B-glucosidase
Pyrococcus horikoshi 6 100 15h at 90°C Matsui et al., 2002
Pyrococcus furiousus 6 100 40h at 95°C Bauer et al., 1999
Van Lieshout et al.,
Endoglucanase | Pyrococcus horikoshi 6-6.5 100 19h at 100°C an 16250821 e
Bacteria
AadotherTnus 5.0 83 Inactivated at Sakon J. et al. 1996
cellulolyticus 110°C
Anaerocellum ) )
. 5-6 95-100 40min at 100°C Zoerliv et al., 1998
thermophilum
Clostridium Stable for several Bronnenmeier K et al.,
) 6-6.5 90
stercorarium days 1991
- 33% of activity
Clostridium 6.6 70 remained after Faut U., et al. 1991
thermocellum
50h at 60°C
Endoglucanase
50% of activit
Clostridium 70 70 (,) a; 1‘; y Romaniec M, ., et al.
thermocellum ’ remained attet 1992
48h at 60°C
50% of activity
Rhodothermus 70 95 remained after Miettinen-Oinonen A,,
marinus ’ 3.5h at 100°C, 80% etal, 1996
after 16h at 90°C
Theriﬁo’toga 6.075 95 oh at 95°C Bronnenmeier K, et al.,
marittima 1995
Th t
ermotogh 6.0 95 >240min at 100°C |  Bok JD et al., 1995
neapolitana
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Clostridi B o Ketal,
Exoglucanase ostri 1.um 56 75 3 days at 70°C ronnenmeier K et a

stercorarium 1990

Fungal

Chactomim 40 60 60min at 60°C | Venturi L. et al., 2002

termphilum
Endoglucanase Thermoascus 98h at 70°C and

aurantiacus 4.5 75 41h at 75°C Parry N., 2002
Exoglucanase Talaromyces 36 73 34 min at 80°C Grassik A.. 2004

. min .
(CBHIA) emersonii

Tab. 3.3 Thermostable cellulases

3.6 Immobilization of enzymes

Thanks to the latest breakthroughs in the resefancimproving the enzymes, nowadays
most enzymes are produced for a commercially aabéptprice. Nonetheless, the industrial
utilization of cellulases could be even more comeenby improving their stability in long-term
operations and by developing methods/processethéodownstream recovery and reuse. These
objectives can be achieved by the immobilizatiothefenzymes (Cao, 2005). The main methods of
enzyme immobilization can be classified into folasses: support binding (carrier), entrapment,
encapsulation and cross-linking.

In literature, only few papers are available odutases immobilization. This is due to the
problems connected with working by using immobilizenzyme, such as enzymes entrapment,
impede the interaction enzyme-substrate, inasmuseliulose is not soluble and some
immobilization. As matter of fact, immobilizatiori cellulases via covalent bonds appears to be the
most suitable technique. Besides the enzyme statidn, the covalent-immobilization allows the
use of supported enzymes for several cycles oioeac(Brady and Joordan, 2009; Li et al., 2007;
Mateo et al., 2007; Dourado et al., 2002; Yuan.et1899).

In my research activity, the cellulase enzyme imilimdiion has been obtained by using of
epoxy support (Sepabeads® EC-EP403/S), a particslgport to perform a very easy
immobilization-stabilization of commercial celluasnzymes.

An extensive description of enzyme immobilizatismeported in Chapter 6.

3.7 Conclusions

In this chapter an overview of the current knowkeag the hydrolysis of lignocellulosics
for bioethanol production has been presented.drast years several important breakthroughs have
been made either on the biochemical and techn@bgimes. This is confirmed by several
industrial initiatives spread over the world. Soowoperation agreements were strengthen with
Novozymes for improving the efficiency of the hylyis step. This event represent an important
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stage for all the Europe making the production mndcellulosic ethanol closer to the
industrialization and opening the way to new ligelbdosic biorefineries.

3.8 References

Ahamed A., Vermette P. Enhanced enzyme productimm fmixed cultures of Trichoderma reesei
RUT-C30 and Aspergillus niger LMA grown as fed lhate a stirred tank bioreactddjochemical
Engineering Journadi2 (1), 41-46, 2008.

Arai T., Kosugi A., Chan H., Koukiekolo R., Yukawd., Inui M., Doi R.H. Properties of
cellulosomal family 9 cellulases fror€lostridium cellulovorans Applied Microbiology and
Biotechnology, 71 (5), 654-660, 2006.

Bayer E.A., Chanzy H., Lamed R., Shoham Y. CelleJosellulases and cellulosomé&3urrent
Opinion in structural Biology8 (5), 548-557, 1998.

Bergquist P.L., Te’o V.S.J., Gibbs M.D., Curah N.®evalainen K.M.H. Recombinant enzymes
from thermophilic micro-organisms expressed in flngpsts Biochemical Society Transactio®2
(2), 293-297, 2004.

Berlin A., Maximenco V., Gilkes N., Saddeler J. {@mzion of enzyme complexes for
lignocelluloses hydrolysigBiotechnology and Bioengineering7 (2),287-296, 2007.

Bok J.D., Yernool D. A., Eveleigh D. E. Purificati, characterization, and molecular analysis of
thermostable cellulases CelA and CelB frolhrermotoga neapolitana\pplied and Environmental
Microbiology, 64 (12), 4774-4781,1998.

Brady D., Jordaan J. Advances in enzyme immolbitisaBiotechnology Letters31 (11), 1639-
1650, 2009.

Bronnenmeier K., Kern A., Liebl W., Staudenbauer RWdrification of Thermotoga maritima
enzymes for the degradation of cellulosic materiéfgplied and Environmental Microbiologg1l
(4), 339-1407, 1995.

Bronnenmeier K., Ricknagel K., Staudenbauer W fieation and properties of a novel type exo-
1,4-B-glucanase (Avicelase II) from the cellulatytthermophile Clostridium stercorarium.
European Journal Biochemistrg00 (2), 379-385, 1991.

Bronnenmeier K., Staudenbauer W. Cellulose hydmelysy a highly thermostable endo-1,4-
glucanase (Avicelase 1) fro@lostridium stercorariumiEnzyme and Microbial Technolagi?2 (6),
431-436, 1990.

Cao, L. Carrier-bound Immobilized Enzymes, PrinesplApplications and DesigBook, Wiley-
VCH Verlag GmbH & Co.KGaA, WeinheinSBN-13: 978-3-527-31232-0; ISBN-10: 4-527-
31232-3, 2005.

64



Davies G., Henrissat B. Structures and mechani$mlycosyl hydrolasesStructure3(9), 853-859,
1995.

Demain A., Newcomb M., Wu J.H.D. Cellulase, cladiii and ethanolMicrobiology and
Molecular Biology Review$9 (1), 124-154, 2005.

Dourado F., Bastos M., Mota M., Gama F.M. Studieshe properties of Celluclast/Eudragit L-100
conjugateJournal of Biotechnology99 (2), 121-131, 2002.

Fagerstam L.G., Pettesson L.G. The primary stractifra 1,4-[3-glucan cellobiohydrolases of
Trichoderma reesei QM941BEBS Letters119 (2), 97-101, 1984.

Galbe M., Zacchi G. A review of the production d¢iiaol from softwoodApplied Microbiology
and Biotechnology59 (6), 618-628, 2002.

Gautam S.P., Bundela P.S., Pandey A.K., Khan Jas#tw M.K., Sarsaiya, S. Optimization for the
Production of Cellulase Enzyme from Municipal Solthste Residue by Two Novel Cellulolytic
Fungi,Biotechnology Research InternationaD11, 1-8, 2010.

Gilkes N.R., Henrissat B., Kilburn D.G., Miller R,dr.&Warren R.A.J. Domains in microbigd
1,4-glycanases: sequence conservation, functioth,eamayme familiesMicrobiological Reviews
55(2), 303-315, 1991.

Gilligan W, Reese E.T. Evidence for multiple comeots in microbial cellulaseCanadian
Journal of Microbiology, 1 (2), 90-107,1954.

Grassick A., Murray P., Thompson R., Collins C.ris L., Birrane G., Higgins T., Tuohy M.
Three-dimensional structure of a thermostable eat®llobiohydrolase, CBH IB, and molecular
characterization of the cel7 gene from the filaroaatfungus,Talaromyces emersonituropean
Journal of Biochemistry271 (22), 4495-4506, 2004.

Gusakov A.V., Sinitsyn A.P., Salanovich T.N., Buijarov F.E., Markov A.V., Ustinov B.B., van
Zeijl C., Punt P., Burlingame R. Purification, cilog and characterisation of two forms of
thermostable and highly active cellobiohydrolas@gel7A) produced by the industrial strain of
Chrysosporium lucknowensénzyme and Microbial Technoladg36 (1), 57—69, 2005.

Hreggvidsson G.O., Kaiste E., Holst O., Eggerts€an Palsdottir A., kristjansson J.K. An
extremely Thermostable cellulose from the ThermiopHtubacterium Rhodothermus marinus.
Applied and Environmental Microbiolog§2 (8), 3047, 1996.

Igarashi K., Ishida T., Hori C., Samejima M. Chaeaization of an Endoglucanase Belonging to a
New Subfamily of Glycoside Hydrolase Family 45 dfiet BasidiomycetePhanerochaete
chrysosporiumApplied Environmental Microbiologyp628-5634, 2008.

lImén M., Saloheimo A., Onnel M., Pentilla M.,E. dRéation of Cellulase Gene Expression in the
Filamentous Fungus Trichoderma ree#giplied and Environmental Microbiologg3 (4), 1298-
1306, 1997.

65



Kabel M., van der Maarel M.J.E.C., Klip G., VoraglG., Schols H. Standard assays do not
predict the efficiency of commercial cellulose paegiions towards plants materiaBotechnology
and Bioengineeringd3(1), 56-63, 2006.

Kleywegt G.J., Zou J., Divne C., Davies G.J., Swgnl., Stahlberg J., Reinikainen T., Srisodsuk
M., Teeri T.T., Jones T.A. The chrystal structufdhe catalytic core domain of endoglucanase |
from Trichoderma reesei at 3.6 A resolution, ancbmparison with related enzymekurnal of
Molecular Biology 272, 383-397, 1997.

Krahe M., Antranikian G., Mairkl H. Fermentation etremophilic microorganisms-EMS
Microbiology Reviewsl8 (2-3), 271-285, 1996.

Kubicek C. P., Mikus M., Schuster A., Schmoll Meilsth B., 2009. Metabolic engineering
strategies for the improvement of cellulose promucby Hypocrea jecorinaBiotechnology for
Biofuels 2, 19, 2009.

Lenting H.B.M., Warmoeskerken M.M.C.G. Mechanisnirgéraction between cellulase action and
applied shear force, an hypothesisurnal of Biotechnolog§9, 217-226, 2001.

Li C., Yoshimoto M., Fukunaga K., Nakao K. Charaizt&tion and immobilization of liposome-
bound cellulase for hydrolysis of insoluble celkdoBioresouce technolog@8 (7), 1366-1372,
2007.

Lynd L.R., Weimer P. J., van Zyl W. H., PretoriusS.l Microbial Cellulose Utilization:
Fundamentals and Biotechnologpicrobiology and Molecular Biology Reviewst (3), 506-577,
2002.

Ma K., Adams M.W. Sulfide dehydrogenase from thedrthermophilic archaeon Pyrococcus
furiosus: a new multifunctional enzyme involvedtive reduction of elemental sulfufpurnal of
Bacteriology 176 (21), 6509-17,1994.

Mansfield S.D., Saddler J.N., Gubitz G.M. Charaetion of endoglucanases from the brown rot
fungi Gloeophyllum sepiarium and Gloeophyllum tralve Enzyme and Microbial Technologd3
(1-2), 133— 140, 1998.

Mateo, C., Grazu, V., Palomo, J., M., Lopez-Gallef., Fernandez-Lafuente, R., Guisan M. J.,
Immobilization of enzymes on heterofunctional epaxypports.Nature Protocols2, 1022-1033,
2007.

Mathew G.M., Sukumaran R.K., Singhania R.R., PaméeyProgress in research on fungal
cellulases for lignocelluloses degradatidournal of Scientific & Industrial Research7 (11), 898-
907, 2008.

McCarter J.D., Whiters S.G. Mechanisms of enzymglycoside hydrolysis. Current Opinion in
Structural Biolology 4 (6), 885-892, 1994.

Mosier N. S., Hall P., Ladisch M.R. Reaction Kimsti Molecular Action, and Mechanisms of
Cellulolytic ProteinsAdvances in Biochemical Engineering Biotechnol6§y24-40, 1999

66



Parry N., Beever D., Owen E., Nerinckx W., ClaepsséM., Van Beeumen J., Bhat M.,
Biochemical characterization and mode of actioradhermostable endoglucanase purified from
Thermoascus aurantiaculrchives of Biochemistry Biophysje®4 (2), 243-253, 2002.

Rahman R.N.Z.A., Fujiwara S., Takagi M., Imanaka Sequence analysis of glutamate
dehydrogenase (GDH) from the hyperthermophilic aecm Pyrococcus sp. KOD1 and comparison
of the enzymatic characteristics of native and mazsioant GDHsMolecular and General Genetics
MGG, 257 (3), 338-347, 1998.

Receveur V., Czjzek M., Schilen M., Panine P., Keat B. Dimension, Shape, and
Conformational Flexibility of a Two Domain Fungatllulase in Solution Probed by Small Angle
X-ray ScatteringJournal of Biological Chemistr25, 40887-40892, 2002.

Romaniec M., Fauth U., Kobayashi T., Huskisson Barker P., Demain, A. Purification and
characterization of a new endoglucanase from Gttigitn thermocellumBiochemical Journal283
(Partl), 69-73, 1992.

Ruttersmith L., Daniel R. Thermostable cellobiololdse from the thermophilic eubacterium
Thermotoga sp. strain FjSS3-B.1: purification amdperties.Biochemical Journal277 (3), 887—
890, 1991.

Sakon J., Adney W., Himmel M., Thomas S., Karplu€Bstal structure of thermostable family 5
endoglucanase EI froacidothermus cellulolyticusy complex withcellotetraos&®iochemistry 35
(33), 10648-10660, 1996.

Schiraldi C., De Rosa M. The production of biocgdtd and biomolecules from extremophiles.
Trends in Biotechnology0 (12), 515-521, 2002.

Sun Y., Cheng J. Hydrolysis of lignocellulosic mi&ks for ethanol production: a review.
Bioresource Technologg3, 1-11, 2002.

Taherzadeh M.J., Karimi K. Enzyme-based hydrolysscesses for ethanol from lignocellulosic
materials: a reviewBioresources?2 (4), 707-738, 2007.

Tatsumi H., Katano H. and Ikeda T. Kinetic analysis enzymatic hydrolysis of crystalline
cellulose by cellobiohydrolase using an amperomdtiosensorAnalytical Biochemistry357 (2),
257-261, 2006.

Te’'o V., Saul D., Bergquist P. CelA, another geoeing for a multidomain cellulases from the
extreme thermophile Caldocellum saccharolyticdpplied Microbiology and Biotechnology3
(2), 291-296,1995.

Tengborg C., Galbe M., Zacchi, G. Influence ofyne loading and physical parameters on the
enzymatic hydrolysis of steam-pretreated softwd@dtechnology Progresd7 (1), 110-117, 2001.

Ting C. L., Makarov D.E., Wang Z.G. A Kineticddel for the Enzymatic Action of Cellulase.
The Journal of Physical Chemistd/3 (14), 4970-4977, 2009.

67



Tokuda G., Lo N., Watanabe H., Slaytor M., Matsum®t, Noda H. Metazoan cellulase genes
from termites: intron/exon structures and sites)gdressionBiochimica et Biophysica Acta447,
146-159, 1999.

Turner P., Mamo G., Karlsson E.N. Potential andization of thermophiles and thermostable
enzymes in biorefiningMicrobial Cell Factories 6 (9), 1-23, 2007.

Venturi L., Polizeli M., Terenzi H., Furriel R., tge J. Extracellular 3-d-glucosidase from
Chaetomium thermophilum var. coprophilum: produttiqurification and some properties.
Journal of Basic Microbiology42 (1),55-66, 2002.

Viikari L., Alapuranen M., Puranen T., VehmaanpédrASiika-aho M. Thermostable Enzymes in
lignocellulose HydrolysisAdvances in Biochemical Engineering/Biotechnolo$98, 121-145,
2007.

Wang T.-H., Liu T., Wu Z.-H., Liu S.-L., Lu Y., QWY.-B. Novel Cellulase Profile ofrichoderma
reeseiStrains Constructed by cbhl Gene Replacement g Gene Expression Cassefieta
Biochimica et Biophysica Sinic86(10), 667—672, 2004.

Watanabe H., Tokuda, G. Cellulolytic System ineltts.Annual Review of entomolo§$, 609-
632, 2010.

Watson B.J., Zhang H., Longmire A.G., Moon Y.H.,teheson S.W. Processive Endoglucanases
Mediate Degradation of Cellulose by Saccharophaggsadansiournal of Bacteriologyt91 (18),
5697-5705, 2009

Wilson D.B. Three microbial strategies for plantl agall degradation Annals of the New York
Academy of Sciencé&125, 289-297, 2008.

Wyman C.E. Handbook on bioethanol: production atlization. Applied energy technologies
series (Ed,)ISBN 1-56032553-4, 1996.

Xu Q., Adney W.S., Ding S.Y., Himmel M. Cellulasés biomass conversion, iindustrial
enzymes]. Polaina and A.P MacCabe (eds.)35-50, 2007.

Yuan X., Shen N., Sheng J., Wei X., Immobilizatioh cellulase using acrylamide grafted
acrylonitrile copolymer membrane¥urnal of Membrane Sciencts5 (1), 101-106, 1999.

Zhang Y.P., Lynd L.R. Toward an aggregated undedstg of enzymatic hydrolysism of cellulose:
noncomplexed cellulose systerBsotechnology and Bioengineerin®8 (7), 797-823, 2004.

Zverlov V., Mahr S., Riedel K., Bronnenmeier K. Peoties and gene structure of a bifunctional
cellulolytic enzyme (CelA) from the extreme therrhde Anaerocellum thermophilum with
separate glycosyl hydrolase family 9 and 48 catalypmains.Microbiology, 143 (Part2), 3537—-
3542, 1998.

68



Chapter 4

Steam Pretreatment Optimization with
impregnating agents for Sugarcane
Bagasse for advanced Bioethanol
Production

69



4. Steam Pretreatment Optimization with impregnating
agents for Sugarcane Bagasse for advanced Bioeth&no
Production

4.1 Introduction

The commercial feasibility of second-generationeth@anol production from biomass is
dependent on the availability of lignocelluloselamge amounts at low cost. Sugarcane bagasse
(SCB) is a widely available lignocellulosic residared a solid byproduct from sugar refining based
on sugarcane.

Like traditional lignocellulosic biomass, also S@G8eds to be pretreated in order to separate
the biomass into its principal component (hemidedias, cellulose and lignin), making, in this way,
the cellulose surface more easily accessible tyreag and ensuring a better hydrolysis of the
cellulose component.

Pretreatment is a crucial step in bioethanol pctda from lignocellulosic biomass and, at
the same time, this phase of the process is the ewergetic-intensive so an optimization of this
step is a key factor in order to make advancedthér®l| profitable and moreover to make its
production energetic sustainable.

The optimization of the biomass pretreatment has lbee main aim of the research activity
carried out at the laboratory of Chemical Enginegribepartment of Lund University (Sweden),
under the supervision of Prof. G. Zacchi. In thigly different impregnating agents has been tested
in steam explosion pretreatment to maximize thal finelds of fermentable sugars obtained from
the pretreatment and enzymatic hydrolysis step$adty a higher fermentable sugar concentration
allows a greater final bioethanol production.

4.2 Sugarcane bagasse biomass

Annually, all over the world, about 5,4 x 108 dopns$ of sugarcane are processed (Cerqueira
et al., 2007). Currently, the largest producer he world of SCB is Brazil where the global
production of sugarcane (Saccharum sp.) is about &@Avorld production (Balat et al., 2008). For
the MY 2010/11, in Brazil, total sugarcane area ve&s8.95 million hectares (ha) with an
agricultural yield of 74.8 metric tons per ha (nayhFor MY 2011/2012, total sugarcane area is
forecast at 9.65 million hectares, but the agnoaltyield is forecast at 71 mt/ha, down 3.8 mt/ha
from previous MY4. According to data of S&o Pautat® Research Foundation, about 60-90% of
the bagasse generated from milled sugarcane, imilBeaused as fuel for steam and energy
production and, between 10 and 40% is not usedesepting about 5-12 million ton annudlly

* USDA Foreign Agricultural Service- Global Agricutal Information Network, 4/14/2011- GAIN Report Nbet
BR110006.

> S&o Paulo State Research Foundation, 2004, wwejiagev.br/energia.1 htm.
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Because of the high carbohydrate content, suga¥ bagasse is a highly interesting substrate that
can be used for fuel ethanol production and/or retipeoducts, within the context of biorefinery
(Gémez et al., 2010).

In Asia (India, Thailand, Philippines), sugarcaseproduced on small fields; for example
India has around 7 million small farmers with aemage of around 0,25 ha sugarcane fields. On the
contrary, in European countries, beet molassesharenost utilized sucrose-containing feedstock
(Balat et al., 2008).

In sugar/alcohol industry, sugarcane is crusheektoact the juice used to produce sugar or
fermented to produce alcohol. The fibrous mattat tekmains after the juice extraction is bagasse
(Teixeira et al., 2011). In general, 1 ton of segae generates 280 kg of bagasse (Cardona et al,
2010). The bagasse contains mainly cellulose (#8)4&nd hemicelluloses (30-35%) and consists
of a relatively low lignin content (20-30%), (Peetal., 2009). The SCB has also a low ash content,
1.9% (Cardona et al, 2010), for this reason bagaffees numerous advantages compared with
other agro-based residues such as a paddy stré&w(G6h et al., 2009), rice straw, 14.5% (Guo et
al., 2010) and wheat straw, 9.2% (Zhao and Bai9R00

4.3 SCB Bioethanol production process: Status of air

The ethanol production from SCB includes five mstieps: biomass pretreatment, cellulose
hydrolysis, fermentation of hexoses, separationedfident treatment.

As mentioned previously, there are major limitasiaa an efficient ethanol production from
agricultural residues. These Ilimitations includes tblose physical and chemical associations
between lignin and plant cell wall polysaccharidegether with cellulose crystallinity. Lignin
forms a protective shield around cellulose and kehuloses, protecting the polysaccharides from
enzymatic degradation (Dawson and Boopathy, 2008)convert the biomass into ethanol, the
cellulose must be readily available for celluloseysnes (Krishna and Chouldary 2000). Thus, by
removing the lignin, the cellulose becomes vulnkrab enzymes and allows the yeast to convert
the glucose into ethanol during fermentation (WymatR96). Therefore, a pretreatment must be
applied to remove lignin in the bagasse.

The pretreatment process promotes the physicalptisn of the lignin layer and the
degradation of hemicelluloses, reduce the crisigiliof cellulose, and increase the porosity of the
lignocellulosic materials; therefore the pretreatmeake more accessible the cellulose fibers to
enzymatic hydrolysis (Balat et al., 2008).

Several pretreatment methods have been investifgateICB, including: acid pretreatment
wet oxidation (Martin et al., 2002), dilute-acid dmglysis at moderate temperatures using
phosphoric acid or sulfuric acid (Hernandez-Salasale 2009) and high temperature steam
explosion with a catalysts such as sulfuric acidnglius, 2005), alkaline treatment (Hernandez-
Salas et al., 2009) and biological treatment (lale2002; Camassola and Dillon 2009).

The steam explosion is the most commonly used rdefiblopretreatment of SCB and, in
general, of lignocellulosic materials (Ballesteresal. 2000). In fact, this technique is reporied
the literature as effective on a wide variety afrbass substrates: wood chips, macroalga, sugar
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cane bagasse, oil palm cake and fiber, wheat stramp, corn sillage, and bananagrass (Barisano
et al., 2001).

Steam explosion process offers several attracte@&ufes when compared to other
pretreatment technologies. These include the patdat significantly lower environmental impact,
lower capital investment and more potential forrggeefficient. The conventional mechanical
methods require 70% more energy than steam expldsiachieve the same particle reduction
(Hendriks and Zeeman, 2009). Other advantagesdaclass hazardous process chemicals and
conditions and complete sugar recovery, the pdiggibf using high chip size, high sugar recovery,
good hydrolysis and its feasibility at industrigake development (Alvira et al., 2010). The main
drawbacks of steam explosion pretreatment are éiséruttion of a portion of the xylan fraction,
incomplete disruption of the lignin-carbohydratetnxa the partially hemicelluloses degradation
and the generation of some toxic compounds thatdcaffect the following hydrolysis and
fermentation steps (Kumar et al., 2009; Alvira &t @010). Inhibition is influenced by the
concentration of the soluble substances releasedgdpretreatment, present in the original raw
material, e.g. acetic acid produced from acetiaugsopresent in the hemicellulosic fraction and
formed in the pretreatment step. The major inhibitpresent in the slurry are furfural and 5-
hydroxymethyl furfural (5-HMF or furfuryl alcohol)derived from pentoses and hexoses
degradation, respectively (Larsson et al., 199%lb& and Zacchi, 2007). Wide range of aliphatic,
aldehydic and phenolic compounds is generated aldleet lignin breakdown (see fig. 2.5; Alvira,
2010). Because of the degradation products formatheat are inhibitory to enzymatic hydrolysis
and fermentation, pretreated biomass needs to lshedawith water in order to remove the
inhibitory materials (McMillan, 1994). The water sfadecreases the overall saccharification yield
through the removal of soluble sugars such as tigeserated by hydrolysis of hemicelluloses
(Mosier et al., 2005). The addition of agents sasl5Q or H,SQ,, in steam explosion has been
stated as an advantage, as matter of fact it caerldime and temperature of pretreatment,
effectively improve enzymatic hydrolysis, give atg hydrolysis of cellulose and lead to more
complete removal hemicelluloses (Sun and Cheng2;26umar 2009). It was found that
impregnation with Seresults in a more effective hydrolysis than the wite H,SO, (Eklund et al.,
1995). In order to increase the digestibility ofmso lignocelluloses substrates, the addition of
oxidative agents, as hydrogen peroxide, was fretiyuased (Zanuttini et al., 2009).

4.3.1 Steam explosion

During the steam explosion pretreatment, biomasbapped to an appropriate size and fed
into a high-pressure reactor where it remains fpreselected time that is relatively short (from
seconds to minutes). At the end of selected tilmetreated biomass is expelled through a valve and
the material literally explodes into a flash tarilhe exploded biomass and volatile stream are
recovered. The explosive decompression at thecerdauses theflashing off of the liquid water
in the cellular structure of the substrate. Tharsteexplosion pretreatment combines mechanical
forces and chemical effects. The mechanical effemtsbe easily explained by the fact that pressure
is suddenly reduced and this cause the separdtiognocellulosic matrix in individual fibers with
minimal loss of material (Alvira et al., 2010). Thxomass is so separated into its principal
component (hemicelluloses, cellulose and ligningkimg the cellulose surface more easily
accessible to enzymes and ensuring a better hyisobf the cellulose component (Balat et al.,
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2008). The chemical effects are due to the higlptgature promote the formation of acetyl groups
present in hemicelluloses (Alvira et al., 2010).e3& acidic groups could catalyze the further
hydrolysis of the hemicelluloses. This processwimch the in situ formed acids catalyze the
process itself, is called “autohydrolysis” or “aidi@ave” steam pretreatment (Hendriks and
Zeeman, 2009).

The role of the acids is probably however not tdalgae the solubilization of the
hemicelluloses, but to catalyze the hydrolysisha soluble hemicelluloses oligomers (Hendriks
and Zeeman, 2009). The soluble sugars productspmnearily xylose, and further mannose,
arabinose, and galactose. A small portion of tHellose may already be converted to glucose.
However, the mainly yield of glucose from cellulaseobtained during enzymatic hydrolysis step.
The sugars obtained from the pretreatment and eszyrydrolysis process, can be fermented to
ethanol using a suitable microorganism (Carrased. €2010).

The most important factors affecting the effecte®sn of steam explosion are particle size,
temperature, residence time and the combined effdobth temperature (T) and time (t), which is
described by the severity factor (Ro): Ro£t*8%47 \where t is measured in minutes and T in
degrees Celsius (Overend and Chornet, 1987). lerot obtain the optimal conditions for
maximum sugar yield, a severity factor have to keéwben 3.0 and 4.5 (Alfani et al., 2000).
Optimal hemicelluloses solubilization and hydratysan be achieved by either high temperature
and short residence time (270 °C, 1 min) or lowengerature and longer residence time (190°C, 10
min) (Kumar et al., 2009).

A third parameter, the environmental pH, into thexee equation was introduced to describe
the combined severity (CS) (Chum et al., 1990)

CS=log Ro-pH

When the CS is increased beyond the value whickrgéed maximal mannose and glucose
concentrations, hemicelluloses sugars and glucase baoken down. The decrease in the
concentration of fermentable sugars coincide with formation of products that are inhibitors for
the following enzymatic hydrolysis and fermentatgteps (Barisano et al., 2001).

4.3.2 Fermentation step inhibitorsin the steam explosion

In the pretreatment of lignocellulosic biomass,iliitors compounds of fermentation are
released (Palmgvist et al., 1997). The main tydeimtobitors generated during steam explosion
pretreatment and the reactions occurring duringdlydis of lignocellulosic materials are showed
in figure 4.1.
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Fig. 4.1 Major types types of inhibitors generatediuring pretreatment and the reactions occurring duing
hydrolysis of lignocellulosic materials

The fermentation inhibitors are organic acids (aad acetic), furan derivates (e.qg. furfural
and 5-HMF) and lignin degradation products. Acietacis an organic and weak acid liberated
from naturally occurring acetylated hemicellulosel aeleased through the partial hydrolysis of
hemicellulose. The toxicity of acetic acid variex@ding to the fermentation conditions. At low
pH in the fermentation medium, the acetic acid @&&5) is in the undissociated form which is
liposoluble. Thus, it can permeate the cell memb@amd diffuses into the cells. In the cell (pH=7.4)
the acid dissociates causing a lowering of cellthbt inhibits cell activity. The toxicity varies
according to the fermentation conditions (Millsagt 2009). Since the formation of acetic acid is
inherent to hemicelluloses hydrolysis, its formatioannot be prevented. However, a higher
fermentation pH can reduce this effect or the aeid be neutralized before fermentation (Harmsen
et al., 2010). Subsequent to hemicellulose hydislygentose sugar monomers (e.g. xylose) may
dehydrate to the inhibitor furfural. Similarly hesesugars (e.g. glucose) may degrade to the toxic
5-HMF (or furfuryl alcohol) . Concentrations typity range between 0 and 5 g/L for each
compound (Larsson et val., 1999; Martinez et a80Q1). Furfural has been identified as a key
inhibitor in lignocellulosic hydrolysate becauseisttoxic by itself and also synergistically with
other inhibitors (Zaldivar et al., 1999). HMF is nsidered less toxic than furfural and its
concentration in (hemi)cellulose hydrolysates isually lower than that of furfural. Both
compounds act on intracellular sites of ethanobpoing yeast and bacteria, compromising
membrane integrity (Mills et al., 2009). Furfuralda5-HMF could be degraded to levulinic and
formic acids (Oefner et., 1992). It is clear thattemsive degradation of hemicelluloses is
responsible for the formation of the latter inhbicompounds (Harmsen et al., 2010). Levulinic
and formic are weak acids and their inhibition negbm is the same as described for acetic acid
(Mills et al., 2009). During fermentation furfurakduction to furfuryl alcohol occurs with high
yields (Palmqvist et al., 1999a).
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A wide range of inhibitors products, that show ehéint solubility degree to water, could be
generated from degradation of lignin, including pblec, aliphatic and aldehydic compounds
(Palmqgvist and Hahn-H&agerdal, 2000). Phenolic camde have a considerable inhibitor effect on
fermentation process and are more toxic, evenvatclincentrations than furfural and HMF. Main
phenolic compounds have carboxyl, formyl or hydiaypup functionalities which cause partition
and loss of integrity of cell membranes of fermegtorganism reducing cell growth and sugar
assimilation (Mills et al., 2009). Ketons can alse released during pretreatment, but are not
generally considered as primary inhibitors becaheg occur at low concentrations (<0.05 g/L) and
are also partially or completely removed with vasodetoxification treatments (Larsson et al.,
1999). The main factors influencing formation ofnin degradation products are process
temperature and residence time. At temperaturerltiaa 180°C lignin degradation is negligible.
However, the presence of strong acid or alkalinedidmns could promote a higher lignin
degradation even at 180° C (Harmsen et al., 20IBe major phenolic constituents in the
lignocellulosic hydrolysate are 4-hydroxybenzoi@aeanillin, and catechol (Palmqvist and Hahn-
Hagerdal, 2000). 4-hydroxybenzoic acid has beed asea model compound to study the influence
of phenolic compounds on fermentation (Palmqvist €t1999b).

The inhibitors can come also from wood extractiaesl equipment used. Extractives are
derived from lignocellulose structure and comptex@enes, acidic resins and tanninc acids. These
extractives are less toxic than lignin breakdowodprcts or acetic acid. In addition, heavy metal
ions, as Fe, Cr, Ni and Cu, may originate from asion of equipment used. Their toxicity may
inhibit enzymes in the fermenting organism metadyol{Klinke et al., 2004).

4.3.3 Inhibitors of enzymatic hydrolysis

Highly specific cellulase enzymes catalyze enzymhigdrolysis of cellulose to glucose.
Enzyme activity is influenced by several parametetsttenhaus and Glassner., 1997). The most
important is the temperature. The enzymes are ipptand high temperatures cause a their
undesiderable denaturation. The maximum activity fmst fungal cellulases and [3-glucosidase
occurs at 50+5°C and a pH 4.5- 5 (Taherzadeh amimkKa2007; Galbe and Zacchi, 2002).
Usually, they lose about 60% of their activity imettemperature range 50-60 °C and almost
completely lose activity at 80°C (Gautam et al1@0 In addition the specificity of enzyme activity
plays an important role. In fact the enzyme actdibging to the solid substrate of cellulose. K th
fermentation medium contains other solid produetg, lignin, an enzyme loss could occur owing
to parallel adsorption onto lignin. The specificif the enzyme interaction site could reduce the
overall activity by up to 50% (Rahikainen et al012). Thus, high lignin concentration can cause
enzyme inhibition, which substantially lowers thaiolysis rate.

The Enzyme/Substrate ratio used is another impofiartor in enzymatic hydrolysis.
Obviously application of more cellulase, up to atae level, increases the rate and yield of
hydrolysis. However, the increase in cellulase lleveuld significantly increase the cost of the
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process. Cellulase loading is usually in the rasfggto 35 FPO per gram of substrate (Taherzadeh
and Karimi, 2007).

The cellulose hydrolysis by cellulase enzyme caralse strongly inhibited by products
coming from the pretreatment step. In particulae presence of certain levels of glucose can
strongly inhibit the enzyme activity (Tengborg &€t 2001). In addition, products as organic acids,
furan derivatives and lignin degradation produdaspngly inhibit the cellulose hydrolysis by
cellulase enzyme, and the inhibitions on cellulages all competitive type. The order of the
inhibition strength by the lignocellulosic materidegradation products to cellulase is lignin
breakdown products > furan derivatives > organidsagling et al.,2009).

4.3.4 The Enzymatic hydrolysis conditions for assessment of pretreatment

The Enzymatic hydrolysis for assessment of pratteat can be performed using various
conditions (substrate concentration, enzyme dosageerature, stirring speed). A common way is
to use washed material at 2 wt% WIS, to avoid emdhpct-inhibition (Galbe and Zacchi, 2007).
This could be seen as the maximum achievable digégtor glucose yield. However, it does not
reflect the pretreatment efficiency in terms of idury formation of compounds that are inhibitory
to the cellulases. In a full-scale process it isc@l to reach high sugar and ethanol concentration
in order to decrease the energy demand in dowmstrpeocesses. To increase the sugar
concentration during large-scale operation, itdsumed that the whole slurry after pretreatment
would be used without introducing separation steplich would dilute the process stream.
Furthemore, the overall substrate loading in enzinieydrolysis would probably need to be above
10%wt WIS to meet the energy requirement for ethegvery. To mimic a situation that will be
more similar to final process conditions, the enaym hydrolysis can be performed using the
whole slurry from pretreatment diluted to variougSAtoncentrations, e.g. 10 wt% WIS. In this
case also the effect of inhibitors is assessed.adevwy due to the higher concentration of sugars the
enzymes will also suffer from end-product inhihiti@Galbe and Zacchi, 2007).

4.4 Aim of the work: Pretreatment Optimization

The experimental activity, carried out at Chemiéalgineering Department of Lund
University under the supervision of Prof. Zacchgshbeen focused on comparing different
impregnating agents in steam explosion pretreatnmeatder to optimize this fundamental step in
bioethanol synthesis from lignocellulosic material.

So, sugarcane bagasse biomass was subjectedroestpbbsion pretreatment with different
impregnating agents as sulfur dioxide ¢p@nd hydrogen peroxide §8,) and the obtained results
has been compared with autohydrolysis (without agpating agents) data in term of fermentable
sugars yields.

In general, the addition of sulfure dioxide is dfe&ive pretreatment method for softwood
(Tengborg et al., 1998), hardwood, and agricultuedidues (Mosier et al., 2005) and the

® FPU (filter paper unit) is the measure unit of éittienzyme. FPU=International Unit (1.U)/ml. I.Wmol sugars
produced/min
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impregnation of S@prior to pretreatment results in lower treatmemperatures and short reaction
times, thereby improving hemicelluloses recoverg esducing the formation of sugar degradation
products (Bura et al.,, 2003). $Qupplies the acidnedium favorable to plant carbohydrate
hydrolysis (Shevchencko et al., 2000). For thissoea SQ impregnation, prior to steam
pretreatment, enhanced the carbohydrate hydralggsby increasing the accessibility of cell walls
via the formation of fractures and the removal eimicelluloses during the steaming of the
substrate (Avellar and Glasser, 1998), while remyithe depolymerization of the oligomers and
increasing of monomers in the water-soluble stré&emgborg et al., 1998). $@ould generate
corrosion into reactors, so the use of this agentldc require corrosion-resistant reactors. In
addition, SQ pretreatment generates fermentation inhibitorspanticular 5-HMF and furfural
(Yang and Wyman, 2007).

The purpose of the pretreatment with hydrogen pdeoi+0,) was delignification. kD,
is an oxidizing chemical which is commonly usedaadisinfectant. Its oxidizing ability allows to
detach and solubilize lignin, loosening the lignhdesic matrix, increasing the amount of cellulose
available for hydrolysis by enzymes (Pandey et248100).

Hydroperoxyl and hydroxyl radicals which are geteulaby decomposition of hydrogen
peroxide initiate delignification. The chemical cgans, which generate the active species, are
reported in figure 4.2.

H,O,+OH= H,O0+HOO
H202+ HOO=HQOe*+ Oy »+ HO
Fig. 4.2 chemical Reactions of hydrogen peroxide

In the pretreatment with hydrogen peroxide, it @scthe attack of peroxide anion on
electron deficient carbon atoms in the lignin. Thsult of this reaction step is the addition of the
peroxy group to the lignin (Fig. 4.3).

N Y

\
c=0 HO OH
A~ w0 N LA
HOO y N > O-C-C —> —>
TN

Fig. 4.3 General scheme for addition of hydroperoxion to a conjugated carbony! structure (Eriksson2010)

In subsequent reaction steps, the conjugated steucs broken down with formation of
carboxyl groups in the fibers as well as of low emnilar weight organic acids.

The reaction between hydroxyl radicals and ligrtnactures is high (Eriksson, 2010) and
this can occur by:

addition to the aromatic ring in nonphenolic units;
electron abstraction by phenolate ions;
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hydrogen abstraction from the side chain.

Based on the reaction pattern and the productsattgaformed, this type of oxidation of
lignin seems to promote delignification (Erikss@0;10).

The use of hydrogen peroxide agent in the pretreatnmcludes following advantages
(Cardona et al., 2010):

1) itis considered “environmental benign”
2) the chemicals costs, compared to the use of otffiectiee pretreatment chemicals, are
lower.
However, the high oxidative degradation of lignin H,0, can lead to the accumulation of
aliphatics, aldehydics and phenolics inhibitorydarcts (Ximenes et al., 2011).

4.4.1 Experimental design

In order to optimize steam-explosion pretreatmésp,Sour parallel pretreatment conditions
were carried out: one without any impregnation ¢aytrolysis), a second with 2% G third
with 1% HO,, and a fourth with 0.2% 4D, The Enzymatic hydrolysis for assessment of
pretreatment was performed in water bath at 459 gtass flasks. It have been tested two WIS
concentration of pretreated material: 2 wt% WIS &l wt% WIS. In order to assess the
pretreatment efficiency in terms of the main sugeosicentration obtained and of avoiding
formation of compounds that are inhibitory to thelldases, the enzymatic hydrolysis was
performed using washed material after pretreatraadtwhole slurry from pretreatment, both at 2
wt% and 10 wt% WIS (Fig. 4.4).

Without impregnating agent

2% SO,

1% H,0,
0,2% H,0,

l 2 wt% WIS \ l 10 wt% WIS \

Washed Slurry Washed Slurry
| | I |

I
Enzymatic Hydrolysis

Fig. 4.4 Scheme of design experimental
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The aim was to investigate and compare the uséesfetimpregnating agents in various
conditions of steam explosion pretreatment in otdezxplore advantages in terms of glucose and
xylose yields after enzymatic hydrolysis and intdbformation in the pretreatment.

So, for every pretreatment condition, it has beealuated produced fermentable sugars
amount, glucose and xylose yields and the selégtofithe process respect to glucose and xylose
and the inhibitors effect.

4 5Materials and Methods

4.5.1 Raw materials

Sugar cane bagasse (Fig. 4.5) from the sugar ptasdted in Seranna, S&o Paulo, Brazil,
was provided by Centro de Tecnologia Canavieira (Baulo, Brazil) and transported to Lund
University, Sweden, by air. The material has bessaged by the National Renewable Energy
Laboratory (NREL) methods (Sluiter et al., 20@6 determine raw material composition (Tab. 4.1)
and it contained 69.9 % of carbohydrates and 2306%gnin. The material has been stored in
plastic buckets at 5°C. The dry matter conteniughs cane bagasse was initially 91.61%.

Content C))

Glucan 41,4
Xylan 22,5
Arabinan 1,3
Galactan 1,3
Mannan 3,4
Lignin 23,6
Total 93,5

Table 4.1. Composition of sugar cane bagasse as Figure 4.5. Fresh sugar cane bagasse (from Sdo Paul
percentage of dry matter. (Ferreira-Leitdo et al. Brazil)
Biotechnology for biofuels 2010 3:7)

Parallel pretreatments have been carried out lguSQ and HO, as impregnating agents.
To impregnate the bagasse with,Sthe raw material has been put in a plastic bagthen SG-
gas has been added from a gas container corresgptai2.0% by weight based on the water
content of the bagasse. The bag has been therd sealethe gas left to distribute and impregnate
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the bagasse. The bag is let it settle for about hawars at room temperature,® was used as
impregnation by mixing with bagasse in a plastickat with 1% and 0.2% of hydrogen peroxide
by weight based on the water content of the bagadse buckets has been covered and kept at
room temperature. The pretreatment with these kiidsipregnating agents was compared with a
pretreatment of SCB without any impregnation (autivblysis).

The pretreatment has been performed in 10 | steactar followed by a flash cyclone tank
to accumulate the pretreated bagasse. Figure #wW8ssthe schematic representation of the steam
pretreatment unit at Department of Chemical EngingeLund University (Sweden).

The equipment consists of a 10l reactor and a ftastone. In the reactor there is a ball
valve at the top for the feedstock input. Theransther valve in the bottom, which is regulated by
the computer. After the set residence time has bebreved, the material is released through this
valve to the flash cyclone. There are two streaetsnnto the reactor: (1) for rapid heat up of the
material (located near to the bottom), and (2) rimg the temperature and the pressure (located
higher up).

The first inlet is opened only for a short timettad beginning. Steam pretreatment results a
slurry-like material with an approximate DM contesft 10-25% depending on the pretreatment
parameters. The WIS fraction consists of celluldiggin and the remaining hemicellulose, while
the liquid fraction contains the hemicellulose tofgsate (monomer and oligomer sugars, acetic
acid), sugar degradation products (such as furafreegsilinic acid or formic acid), and phenolic
compounds (released from lignin).

The separation of the solid and liquid fractiongyimibe advantageous, as in this case the
hemicellulose sugars (mainly pentoses) can be psedeseparately. The separation of slurry can be
obtained by filter press (Palmquvist et al., 1996).
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Fig. 4.6 Steam pretreatment unit; 1:flash cyclone?: reactor, 3:steam generator, 4:0perator computer

Bagasse equivalent to 600 grams of dry matter wadeld into the pre-heated reactor. The
bagasse was treated by saturated steam produced blectric boiler at 200°C for 5 min, with
SOx-impregnating, and at 210°C for 15 minutes, botthwhO.-impregnating and in condition of
authohydrolysis (Tab. 4.2).These conditions havenb®und to be the best in according to

literature data (Kovacs et al., 2009).
Catalysts Temperature (°C)  Time (min) |
SO, 200 5
H.0, 1% 210 15
H,0, 0,2% 210 15
Autohydrolysis 210 15

Tab. 4.2 Steam pretreatment conditions
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4.5.2 Enzymatic hydrolysis

Enzymatic hydrolysis has been carried out on thetr@ated bagasse to evaluate the
efficiency of the pretreatment using Cellic® Cteebdzyme, provided by Novozymes A/S
(Bagsvaerd, Denmark). This enzyme is a cellulasepbtex for degradation of cellulose to
fermentable sugars and include a blend of : agyeesellulases, high level gFglucosidases and
hemicellulase.

Enzymatic hydrolysis was performed in 0.5 | flagitding 500 g of material at pH 4.8 and it
has been kept in a water bath (45°C) for 96 h uggand 10% (w/w) of pretreated material under
mechanical stirring. Two parallel experimental dtiods have been investigated during enzymatic
hydrolysis step: the first one with bagasse pressatlwashed with hot water (washed samples)
after steam-pretreatment, and the second one waghdse no-pressed and no-washed (whole slurry
samples) before enzymatic hydrolysis.

The fibrous pretreated material (WIS washed andvashed sugar cane bagasse) was
placed in 0.5 glass flask, diluted with 0.1 M saodiacetate buffer (pH=4.8) and mixed with Ctec2
(10FPU/qg of fibrous material). Buffer was addedatbnal weight of 500g. Samples were taken for
carbohydrate analysis after 0, 2, 4, 6, 8, 12,334,48, 72 and 96 hours. All enzymatic hydrolysis
trials have been performed in two parallel runs tedaverage of the two runs has been considered.

4.5.3 Analysis

The samples from pretreatment and enzymatic hysioljzave been analyzed by high
performance liquid chromatography (HPLC) instrumé8himadzu LC-10AD, Tokyo, Japan)
equipped with a Refractive Index detector (Shimad&ll samples have been filtered through a
0.20um filter and diluted prior to HPLC analysis.

The concentration of cellobiose, glucose, xylosdagiose, mannose and arabinose in the
liquid collected after pretreatment and in the si@asgrom enzymatic hydrolysis have been
separated using an Aminex HPX-87P column (Bio-Réekcules, CA, USA) operating at 85°C
with deionized water as the mobile phase at a flas of 0.6 ml/min. Inhibitory compounds, such
as acetic acid, furfural and hydroxymethylfurfufldMF) in pretreatment liquid samples have been
analyzed with an Aminex HPX-87H operating at 654@h 5mM H,SO, as mobile phase at a flow
rate of 0.6 ml/min (Tab. 4.3).
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Column HPX-87P Column HPX-87H

Mobile phase H,0 Mobile phase H,SO,
Flow rate (ml/min) 0.6 Flow rate (ml/min) 0.6
Temperature °C 65°C
Temperature °C 85°C
Lactic acid 12.37
Cellobiose 10.74 Glycerol 12.90
Glucose 12.72 :°":" af': 13'(5’?
Xylose 13.86 ceticacid '
Levulinic acid 15,19
Galactose 14.70
" Ethanol 21.47
Arabinose 15.48
Mannose 16.44 HME 2o
n ' Furfural 42.68

Tab. 4.3 Retention times of main compounds analyzezh Aminex HPX-87P/-87H columns (BioRad, Hercuke
CA, USA)

4.6 Results and Discussion

The efficiency of the pretreatments has been eteduay enzymatic hydrolysis of the
pretreated materials. For each pretreatment conditested, the achieved soluble sugars
concentration, by enzymatic, hydrolysis has beeaslyaed. The hydrolysis curves of pretreated
SCB, using the washed fiber and the whole slureyr@ported in figures below (Figg. 4.7 — 4.10).
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Fig. 4.7 Fermentable sugars concentrations in hydtgsis of pretreated bagasse samples, using 2%DM of

Figure 4.7 shows the conversion of the biomasetmdéntable sugars for tests operated by
using washed sample with 2 %wt WIS. It's possibl@dte like, in this case, cellobiose, xylose and
galactose reach a negligible final concentratiohilevthe process it's able to synthetize glucose

with a final concentration equal around 12 g/l.

In all the case examined, glucose concentratidovisl the same trend, with an initial strong
increasing followed by a plateau situation. Thegda state is reached after a reaction time around
60-70 hours.

The results obtained operating with washed sanifléewvt WIS are showed in figure 4.8.
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Fig. 4.8 Fermentable sugars concentrations in hydigsis of pretreated bagasse samples, using 10%DM of
washed

Also in this case, only glucose concentration isable. Conversion trend is similar to the

previous case with an initial increasing followeg & plateau situation. In this case, the initial
increasing of conversion is slower respect to 2%W8s trials, and a longer time is required to
achieve the plateau condition (around to 80 hoditsis is due to the larger amount of biomass used
which needs a longer time to be attacked by enzymieis effect could be increased by reactor
used. In fact, these experiments have been canenh glass flasks using a low mechanical mixing
equal around 10-20 rpm. Clearly, final concentratechieved is quite higher compared with
previous tests, in fact operating with 10%wt WISnp&es there is a larger amount of biomass
which can be converted to fermentable sugars. Grifioal concentration achieved is equal around
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Fig. 4.9 Fermentable sugars concentrations in hydtgsis of pretreated bagasse samples, using 2%DM of
whole slurry

Results obtained operating with non-washed sanfff#est WIS are summarized in figure
4.9. In this case, glucose final concentrationoisdr respect to tests carried out by using washed
samples with the same loads of biomass. Averagé doncentration achieved is equal around 9 g/l.
Glucose trend, also in this case, is similar withiratial increasing and a following plateau state.
Plateau conditions are achieved after around 5@shou

On the other hand, for non-washed samples, theéhe isresence of other sugars (cellobiose,

xylose, galactose, arabinose and mannose) andallpwerose final concentration is notable and
equal around to 3-4%.
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Fig. 4.10 Fermentable sugars concentrations in hydtysis of pretreated bagasse samples, using 10%DM
of whole slurry

Figure 4.10 shows the results obtained by workintt won-washed 10%wt WIS samples.
Clearly, also for non-washed samples, the largesusrmof biomass used allows to achieve larger
amount of fermentable sugars and a slower inifiateasing of produced glucose. In this case,
glucose final concentration is around 46 g/l arelglateau state is reached after around 80 hours of
reaction. Also in this case, xylose final concetidrais considerable and equal to an average of
around 15 g/I.

As it has been described, for every sample teshexljevels of mannose, arabinose and
galactose are negligible, so only the concentratiminglucose and xylose has been compared for
each pretreatment condition (Figg. 4.11 and 4.12).
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Fig. 4.11 Glucose and xylose concentrations in hyalysis of pretreated bagasse samples, using 2%DM of
washed and whole slurry

By a first analysis, it's possible to note thatogg concentration, for every condition tested,
follows a trend similar to glucose concentratiorthwén initial increasing followed by plateau
state.

In the case of using sample with 2 %wt WIS, ptssible to see like glucose and xylose
reach the plateau state after the same reactian(Boual about at 60 hours), so it’'s correct ttesta
that, in this case, hydrolysis process achievditta¢ conversion already after 60 hours of reaction
time.
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Fig. 4.12 Glucose and xylose concentrations in hyalysis of pretreated bagasse samples, using 10%DM o
washed and whole slurry

In the test run using 10 wt% WIS sample, glucos@version shows a slower trend with a
gradual achievement of the plateau state aftertaB@uhours while, on the other hand, xylose

conversion presents a more rapid increasing antedwhing of the plateau state already after 50-55
hours.

Looking figures 4.11 and 4.12, it's important taglmlight like, working with non-washed
material, produced xylose amount is already comnalile at the beginning of the hydrolysis step.
This is due to the pretreatment step that alreadgyces a considerable amount of xylose.

On the contrary, working with washed samples, atstart of hydrolysis, xylose amount is
equal to zero, this is due to the washing phasetwhemoves xylose produced in the steam
pretreatment.

A confirmation of this, it is given by glucose argose trend, in fact both show a higher
initial velocity of conversion working with no-wasti material. This depend on content of
cellobiose, xylose oligomers or other oligo- dimessgars, generated during SCB steam-
pretreatment, which is higher, at the beginningpyafrolysis, in no-washed samples than in washed
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ones (in table 4.4 the main monomers sugars coratemt are listed). In fact, in the latters a highe
amount of sugars is removed in the course of trehing step (Barisano et al., 2001).

WIS Conditions Impregnating Vi glucose Vi xylose Plateau Plateau
of hydrolysis agent [(9/L)/n] [(9/L)/n] Time Time
glucose (h) xylose (h)
Washed Autohydrolysis 0,37 0,01 74,5 74,5
SO2 1,04 0,01 48,8 49
1% H202 0,64 0,002 74,5 48,8
0.2% H202 0,24 0,001 74,5 74,5
2%
Whole Autohydrolysis 0,61 0,05 74,5 74,5
slurry
SO, 0,98 0,18 48,8 48,8
1% HO0, 0,78 0,05 48,8 48,8
0.2% HO, 0,73 0,05 48,8 48,8
Autohydrolysis 6,37 0,008 72 72
SO2 6,001 0,028 72 38
Washed
1% H202 2,85 0,011 72 49
0.2% H202 5,53 0,077 72 72
10%
Autohydrolysis 0,72 0,08 78,4 48,6
Whole SO2 3,05 0,90 78,4 54,4
slurry 1% H202 0,95 0,17 78,4 48,5
0.2% H202 0,99 0,15 78,4 48,5

Tab. 4.4 The main monomers sugars concentration

Glucose and xylose final concentrations obtaine@%wt and 10%wt washed and non
washed samples, pretreated with, SO, agent and without any impregnation, are summaiized
the table 4.5.
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WIS Conditions of Impregnating agent Final glucose Final xylose Final

hydrolysis (g/L) (g/L) glucose+xylose
(g/L)
Autohydrolysis 13,011 0,128 13,139
S0O2 12,743 0,499 13,243
Washed
1% H202 11,719 0,099 11,818
0.2% H202 11,839 0,103 11,942
2%
Autohydrolysis 9,344 1,502 10,846
SO 8,741 4,683 13,425
Whole slurry
1% H0, 9,873 1,492 11,365
0.2% HO, 10,260 1,718 11,978
Autohydrolysis 53,110 0,638 53,748
SO2 51,048 2,497 53,545
Washed
1% H202 51,096 0,410 51,596
0.2% H202 48,885 1,501 50,386
10%
Autohydrolysis 41,679 5,346 47,025
SO2 49,385 25,487 74,872
Whole slurry
1% H202 49,037 8,494 57,531
0.2% H202 42,260 6,969 49,228

Tab. 4.5 Final concentration of glucose and xylose infferent conditions of pretreatment and enzymatic
hydrolysis

Its clear that, working with a higher amount ofepeated material load, a greater
fermentable sugars level can be achieved in theohged liquid. Consequently, in 10 wt% WIS
samples, both washed and no-washed, the concensdt/l) of glucose and xylose are higher than
in washed and no-washed samples with 2 wt% WIS.

So, in order to compare the two process invesibg®%owt and 10%wt), the final
conversion of glucose and xylose has been evalysedyrams of biomass feed and results are
summarized in table 4.6.
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WIS  Conditions Impregnating  Final glucose/gr Final Final

of agent of biomass (g/L)/g xylose/gr of  glucose+xylose/gr of
hydrolysis biomass biomass (g/L)/g
(9/L)/g

Autohydrolysis 0,361 0,004 0,365
SO, 0,376 0,015 0,391

Washed
1% HO0, 0,305 0,003 0,308
0.2% HO, 0,275 0,002 0,277

2% i

Autohydrolysis 0,108 0,017 0,125
Whole SO, 0,183 0,098 0,281
slurry 1% H0, 0,133 0,020 0,153
0.2% HO, 0,142 0,024 0,166
Autohydrolysis 0,377 0,005 0,382
SO, 0,414 0,020 0,435

Washed
1% H0, 0,338 0,003 0,341
0.2% HO, 0,303 0,009 0,313

10% i

Autohydrolysis 0,089 0,011 0,101
Whole SO, 0,146 0,076 0,222
slurry 1% HO0, 0,108 0,019 0,127
0.2% HO, 0,096 0,016 0,112

Tab. 4.6 Glucose and xylose concentration per grantd biomass load

Obtained data show clearly that by using washeckmahtt was obtained a higher glucose
production in every pretreatment condition investiggl. On the other hand, conversion to xylose is
higher in the case of no washed sample.

The average increasing obtained for glucose promudty using washed samples, and for
xylose by using non-washed samples is reportecbier4.7.
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WIS Impregnating Average Increase (%) of final Average Increase (%) of final

agent glucose/gr biomass (g/L)/g xylose/gr biomass (g/L)/g
in WASHED samples in NO-WASHED samples
compared to NO-WASHED compared to WASHED samples
samples
Autohydrolysis 12,65% 0,65%
SO2 9,65% 4,15%
2%
1% H202 8,60% 0,85%
0.2% H202 6,65% 1,10%
Total average
increase for every 9,39% 1,69%
condition
Autohydrolysis 14,40% 0,30%
S02 13,40% 2,80%
10% 1% H202 11,50% 0,80%
0.2% H202 10,35%
0,35%
Total average
increase for every 12,41% 1,06%
condition

Tab. 4.7 Average increasing of glucose/xylose contetion

4.7 Analysis of glucose concentrations and inhibitg compounds

Although a small portion of the cellulose may athged®e converted to glucose in the course
of steam explosion, the largest production of gbeéceugar is carried out by cellulase enzymes in
hydrolysis step. This is confirmed by glucose antaunich, at the beginning of hydrolysis step, is
very low also for non-washed samples (Figg. 4.1d 4a2).

The highest glucose concentration has been obtametOwt% WIS washed samples
impregnated with S§ while the lower concentration has been obtaimedd wt% WIS whole
slurry samples pretreated without any impregnatlortable 4.8, investigated samples have been
listed from the sample with the higher glucose emti@tion to the sample with the lower one.
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Conditions of hydrolysis

Impregnating agent

10% Washed SO,
10% Washed Autohydrolysis
2% Washed SO,
2% Washed Autohydrolysis >
10% Washed 1% HO, %:
2% Washed 1% HO, E);
10% Washed 0.2% HO, g
2% Washed 0.2% HO, -fg
2% Whole slurry SG; :m
10% Whole slurry SO, %
2% Whole slurry 0.2% HO, ?33,
2% Whole slurry 1% H0O, ‘_CU
10%Whole slurry 1% HO, -
2%Whole slurry Autohydrolysis
10%Whole slurry 0.2% HO,
10%Whole slurry Autohydrolysis

Tab. 4.8 Tested samples listed from which preserité higher glucose production

In whole slurry samples, the concentration of ghecs lower than in washed samples. The
cellulose hydrolysis by cellulase enzyme can babitdéd by the presence of certain levels of
glucose which negatively affect the enzyme actigifgngborg et al., 2001). As matter of fact,
lower conversion of cellulose may be related to ligher amount of glucose contained in the
whole slurry samples respect to the washed ontbe atart of hydrolysis (Figg 4.11 and 4.12).

But, the main reason for the lower glucose yieldtimed in whole slurry samples is the
presence of various inhibitory products generatathd pretreatment. As previously describe, the
main part of glucose is produced by enzymatic hydie process. Inhibitory compounds have a
negative effects on cellulase activity and, conseatjy, on rate and yield of cellulose conversion to
glucose (Jing et al., 2009).

Pretreated material washing, prior to enzymaticrblydis, promotes inhibitors compounds
removal and avoid their buildup. Consequently, thiep prevents endproduct inhibition in

determination of the potential sugar yield (S6dértet al., 2002).
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By HPLC was possible to analyze the concentrat{gfis of various inhibitory compounds,
such as acetic acid, furfural and hydroxymethyliftaf (HMF) in pretreatment liquid samples. In
washed samples, it has been found only the pressnaeetic acid how it is showed in table 4.9
which displays the amount of the main inhibitorynmmunds for all the samples investigated.

WIS Conditions of Impregnating Acetic acid
hydrolysis agent (g/L)
Autohydrolysis 0,924 - -
SG 0,986 - -
Washed
1% H0, 0,898 - -
0.2% HO, 0,869 - -
2%
Autohydrolysis 0,752 0,062 0,189
SO, 1,311 0,013 0,522
Whole slurry
1% H0, 0,993 0,033 0,020
0.2% HO, 1,099 0,069 0,781
Autohydrolysis 4,619 - -
SO 4,930 - -
Washed
1% HO, 4,492 - -
0.2% HO, 4,343 - -
10%
Autohydrolysis 3,761 0,313 0,944
SO, 6,556 0,025 0,951
Whole slurry
1% H0, 4,967 0,165 0,979
0.2% HO, 5,492 0,344 3,907

Tab. 4.9 Main inhibitory compound amount in the tesed samples

For washed samples, the best result has been adhigvusing S@as impregnating agent.
In fact, SO2 agent stimulates cellulose sacchatifia during the enzymatic hydrolysis stage.

This is due to the capacity of githpregnating agent to degrade lignocellulosic foacand
in particular hemicellulosic fraction. In fact, $@resent a high hemicellulolitic activity how it's
proven by the large amount of xylose produced diréa steam-pretreatment step how it's possible
to note looking to the graph of xylose conversion fon-washed samples. As matter of fact,
literature also describe like the addition of ;S@proved the recovery of hemicellulose sugars
compared to pretreatment without impregnation (Maat al., 2002).
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It also must be highlighted that, for washed samgléohydrolysis process, both for 2% and
10%, gets a glucose final concentration higher tharking with HO, pretreatment, at 0.2 and 1
% both.

This result is due to the high ability of hydrogeeroxide to degrade lignin producing a
large amount of lignin-derived products, generatadng HO, pre-treatment (Jing et al., 2009).
This compounds, such as simpler aromatic and phesmapounds, are not fully removed during
washing phase, due to their low solubility in waterd so these compound remain in solution with
their negative effect on enzyme activity.

All non-washed samples shows a final glucose pribaludower than the washed one, so in
order to investigate the effect of inhibitory compds on them, the detailed results of HPLC
analysis on inhibitory compounds concentrationsti@ved in figures 4.13 and 4.14.
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Fig. 4.13 Concentration of inhibitors in whole slary samples at 2 wt%
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Clearly, by working with a higher amount of pretexhmaterial, a greater level of inhibitors
compounds is achieved in the hydrolyzed liquid. €&guently, in 10 wt% WIS non washed

Fig. 4.14 Concentration of inhibitors in whole slury samples at 10 wt%WIS

samples, the concentrations (g/l) of inhibitorstagher than 2 wt% WIS non washed samples.

To evaluate better the effect of inhibitory compadun table 4.10 the amount of the main

inhibitory product (HMF and furfural) per gramstmbmass loaded is reported.
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WIS Conditions Impregnating Furfural HMF
of hydrolysis agent concentration/gr of concentration/gr of

biomass (g/L)/g biomass (g/L)/g

Autohydrolysis 2.02*10"-3 0,67*10"-3
SO, 7.73*10"-3 0,18*10"-3
2% Whole slurry
1% H0, 2.16*10"-3 0,36*10"-3
0.2% HO, 8.88*10"-3 0,78*10"-3
Autohydrolysis 2.18*10"-3 0,72*10"-3
SO, 10.9*10"-3 0,26*10"-3
10% Whole slurry
1% H0, 0.26*10"-3 0,44*10"-3
0.2% HO, 10.8*10"-3 0,95*10"-3

Tab. 4.10 Main inhibitory compound amount per gramsof biomass

The mechanism how inhibitor compounds affect neghtienzyme activity has been not
already established, in fact, in literature only fevorks treat this argument. As matter of fact,
analyzing obtained data, it's possible to highlighdat 2 wt% and 10 wt% WIS samples, pretreated
with SO, contain a large amount of furfural but, at the eaime, sodium dioxide pretreatment
results to achieve the highest level of cellulasglticose conversion respect to other pretreatment
in the same conditions.

It's significant to note that the high productiohimhibitors is related to the greater capacity
of impregnating agent to degrade hemicellulosictioa. But, at the same time, this deconstruction
increases the accessibility of cell walls duringrbass pretreatment step by the formation of
fractures, hemicelluloses removing and oligomerpobtienerization. These effects increase
monomers amount in the water-soluble stream ergguinnthis way, a considerable increasing of
carbohydrate hydrolysis rate (Tengborg et al., 1998

As matter of fact, it's possible to say that instiprocess S©Oplays a double role, in
opposition one to another, increasing at the same tarbohydrate hydrolysis rate and inhibitor
compounds formation and this is the reason for wliis not easy to find a strong correlation
between inhibitor content and glucose final yield.

The characteristic of hydrogen peroxide pretreatngethe removing of lignin by oxidation
and the breaking of the bonds which are typicahdf polymer (Xiang and Lee, 2000). The lignin
oxidation with hydrogen peroxide is carried ouR&0°C for 15 min. This high severity in reaction
condition is required in order to promote the hypno peroxide decomposition in molecular oxygen
and radical species which can react with lignimimariety of ways, and in order to increase lignin
degradation to an appreciable extent (Xiang and 2@@0).
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Also in this case, if on the one hand the highgnih degradation allows a higher
accessibility of enzyme to hemicelluloses and tedlel surface, on the other hand it causes a large
amount of inhibitory compounds production.

These inhibitors are acids product, as acetic,lieuand formic acid, aromatic acid, but
also aliphatics, aldehydes and phenolics compo(Xidsg and Lee, 2000). These last inhibitors
were not separated by HPLC but their productioringutreatment with peroxide hydrogen was
extensively confirmed in literature (Martin et &Q02).

Then, a higher concentration of hydrogen peroxidempte, at the same temperature, a
higher oxidation reactions of furans, as furfured, phenols and other inhibitors compounds
production. This fact agrees with data obtainechdn-washed samples pretreated with 0,2 #6.H
agent, it has been showed a higher amount of firfiman those pretreated with,® more
concentrated (1%).

Nevertheless, in the samples, pretreated with mituege H,O, agent at 2 wt% WIS, glucose
final concentration in hydrolyzed liquid is high#ran those impregnated with 1 %®3 agent.
These results are related to the formation of phama of other lignin derived compounds that have
a higher inhibitory effect respect to derived figdding et al., 2009).

As matter of fact, in 2wt% WIS non washed sampidgnols amount produced by using
0,2% HO: is so low to no effectively influence the enzymatctivity, while in no-washed samples
at 2% WIS impregnated by using 1%@4, a higher phenols amount is produced and theré&fere
present a considerable inhibitory action on enzigrectivity that lead to a lower glucose final
yield.

Instead, at 10wt % WIS, the greater glucose firmacentration is achieved in no-washed
samples pretreated with 1%®} according with literature data (Badovskaya andarova, 2009).

In 10% WIS samples there is a higher inhibitory poomds amount, both in samples
pretreated with 0,2% #, and 1% HO,, and so it leads to an higher phenol amount i bot
investigated samples.

In the case of working with no-washed 10% WIS sampnpregnated with 0,2%,8,, the
lower glucose concentration released into hydraympiid is due to the amount of total inhibitory
compounds, in particular the sum of phenol, fuidfared HMF, that is higher than the amount of all
inhibitory compounds present in the liquid for 1%

Moreover, working with a larger biomass load neadsigher degradation of biomass
structure to make cellulose fibers accessible wymes attack. So the high disruption of biomass
achieved with HO, more concentrate promotes the production of fetaida sugars.

Unwashed samples at 10% WIS, pretreated withoagushemical agents (autohydrolysis),
shows instead a lower glucose final concentratespect to all the other pretreatment conditions
investigated.

This result clearly show how pretreatment operatétiout chemical impregnating agents
get a lower destruction and solubilization of ligrand hemicellulose. So, the presence of these
solid residues, that is higher working with a witdsmass amount, makes more difficult enzyme
action on cellulose and therefore it lead the ieacto a lower cellulose to glucose conversion
(Rahikainen et al., 2011). Literature, in fact, ggp that partial delignification of pretreated
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materials before enzymatic hydrolysis results eréased sugar yields (Adsul et al., 2005; Ohgren
et al., 2007).

By the analysis of experimental results for washed non-washed samples both, it's still
correct to say that S(pretreatment is the most effective pretreatmerthotefor the production of
glucose from SCB by enzyme saccharification.

This result is quite important, in fact, steam-pratment, by using SCas impregnating
agent, is which requires the lower pretreatmeng tiomly 5 minutes respect 15 minutes required by
the other process (with,B, impregnation and without any impregnating agents).

This result is considerable inasmuch it leads teagradvantages in terms of process
energetic needs and to an effective reduction @égss costs in bioethanol production.

4.8 Analysis of xylose concentration

Xylose is generated from the hemicelluloses fraciipa great amount already during steam
explosion process. The concentration of xylosenenttydrolyzed liquid is lower than glucose one.
This difference can be attributed to a higher degré destruction of the former due to longer
exposure to conditions resulting in dehydration omchation of the corresponding byproduct.

Hemicellulose does not have the crystallinity dfudese (Sjostrom, 1993) and consequently
is to a higher degree susceptible to hydrolysisc&hemicellulose-derived sugars, such as xylose
and arabinose, are formed at an earlier stage,ateethus exposed to the dehydrating agents for a
longer time. The higher concentration of furfureépect to HMF (Fig. 4.13 and 4.14) supports this
assumption.

Non-washed samples show a higher final xylose aunagon than washed ones in the
different investigated conditions. It is relatedtte fact that the washing step causes a greater
removal of fermentable sugars and therefore ofse/Mvhich is produced in considerable amount in
steam-pretreatment step compared to glucose whiatainly synthesized in enzymatic hydrolysis
step.

In table 4.11, investigated samples have beerdlfsten the sample with the higher glucose
concentration to the sample with the lower one.
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Conditions of hydrolysis Impregnating agent

2% Whole slurry SO,
10%Whole slurry SO,
2% Whole slurry 0.2% HO,
2% Whole slurry 1% H0O; o
~~
10% Washed SO, <
2
10%Whole slurry 1% H0, A 7
]
2% Whole slurry Autohydrolysis g
S
10%Whole slurry 0.2% HO, S
2% Washed SO, %
)
10%Whole slurry Autohydrolysis %
X
10% Washed 0.2% HO, =
c
10% Washed Autohydrolysis [
2% Washed Autohydrolysis
10% Washed=2% Washed 1% H,0,
2% Washed 0.2% HO,

Tab. 4.11 Tested samples listed from which presetiie higher glucose production

In whole slurry samples, the effect of the largeduction of inhibitors on enzymatic
hydrolysis step to produce xylose is negligiblefdot, the enzyme used for hydrolysis step has a
low hemicellulasic activity. As matter of fact, xge production by enzymatic hydrolysis step is
low and not much affected from inhibitory compounds

The maximum of xylose final concentration is gainednon-washed samples pretreated
with addition of SQ as impregnating agent. Therefore, also in thig ¢ths pretreatment with SO
impregnating agent is the most effective methogrtmluce xylose from SCB by steam explosion
pretratment and enzymatic hydrolysis.
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4.9 Final concentrations and yields of Glucose andylose in the various
pretreatment conditions

By a cross —check data obtained, it was possibbeder the samples from those containing a higher
concentration of glucose and xylose to those wathel concentration of these fermentable sugars
(Tab. 4.12).

Conditions of hydrolysis Impregnating agent

10% Washed SO,

2% Washed SO,

10% Washed Autohydrolysis o

=

2% Washed Autohydrolysis %

10% Washed 1% H0O, :Cp-:

10% Washed 0.2% HO, A g

2% Washed 1% H0O, -g
2% Whole slurry SO, %

2% Washed 0.2% HO, 3
10%Whole slurry SO, %
2% Whole slurry 0.2% HO, %
2%Whole slurry 1% H0O, %
10%Whole slurry 1% H,0O, c_é
2% Whole slurry Autohydrolysis w
10%Whole slurry 0.2% HO,
10%Whole slurry Autohydrolysis

Tab. 4.12 Tested samples listed from which presetite higher glucose+xylose production

The final yields of the two fermentable sugars Ihesn calculated as:\

. Resi | r concentration (g/l
% Yield = esidual sugar concentration (g/l) 100

Weight of bagasse fiber at beginning of the sacchatificgg) / reaction volume (1)

Figure 4.15 shows the glucose+xylose yields obthinerarious pretreatment conditions.
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Fig. 4.15 Glucose+Xylose final yield

It's possible to note how the steam-pretreatmentisigig SQ give the best results also in
terms of total fermentable sugars yields.

The final yields of glucose and xylose comparedhvitie theoretical final glucose and
xylose yields has been evaluated as reported iaghation below.

Finalyield ~ amount of glucose produced (g/l) amount of xylose produced (g/l)
Theoretical yields amount of glucan (g/l) * amount of xylan (g/l)

Figure 4.16 shows the results obtained.
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Fig. 4.16 Glucose+Xylose final yield rapported tohte theoretical one

From the figure above can be seen as the best hemubeen obtained by using washed SCB
after pretreatment with 10 wt% WIS SCB .

The pretreatment with SOmpregnating agent has guarantees final yieldsleigu68% and
to 61% of the theoretical ones working at 10 wt%d awt% WIS, respectively. These yields are the
most considerable results compared with data obdaim the other pretreatment conditions
investigated.

With SO-pretreated non washed SCB, the glucose and xfiluasleyields are equal to 44%
for 2 wt% WIS and 32% for 10wt% WIS. These are dased by more than half compared to
washed samples but they are higher than non-wasdmagles examined with different pretreatment
conditions.

In washed samples, pretreated with the additiori%f hydrogen peroxide, glucose and
xylose yields result to be about 51% of theoretimaés, so, comparing these results with, SO
pretreatment data, it highlights the reduced edficy of this pretreatment. Moreover, these yields
are also found to be lower than glucose and xytstained working with washed samples, not
treated with impregnating agents (autohydrolyswshich are equal to 60% and 57% of the
theoretical ones working with 10wt% and 2wt% WISpectively.
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4.10 Selectivity

The selectivity of the process respect to glucasdyred has been evaluated as reported in
the equation below.

amount of glucose produced (g/l)
amount of all sugars produced (g/l)

Selectivity (%) =

This evaluation has been carried out in order tofioo the considerable importance of
obtained data and in order to highlights how theestigated process is moved towards to glucose
production which is the fermentable sugars to sstith bioethanol.

Obtained results are showed in Figures 4.17 artl 4.1

Glucose -selectivity
100

80

60

40 W 2% washed

m 10% washed
20

Fig. 4.17 Glucose selectivity in test carried owvith washed samples

Figure 4.17 shows the selectivity respect to glacios the hydrolysis step carried out on
washed samples. It's possible to note how all #silts are close one to each other and how the
process is strongly moved towards glucose productith a selectivity equal over 90% in all the
case investigated.
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Fig. 4.18 Glucose selectivity in test carried out ith non-washed samples

The selectivity of non-washed sample is displayedigure 4.18. Clearly, in the case of
unwashed samples, the selectivity is lower resjoettie test carried out with washed samples. This
is due to the presence of xylose which is abundardunt produced in pretreatment that in absence
of the washing step is not removed.

Xylose is still an important by-product, in factpart of its amount is still fermented and the
remaining part can be recovered for the productérother bio-based products (Bozell and
Petersen, 2010).

4.11 Conclusions

This research activity has been focused on a catiparanalysis of different impregnating
agents in order to optimize steam-explosion préatreat.

To get this aim, two different impregnating agef8%, and HO,) have been tested and
their performance has been compare with pretredatmethout any impregnation data. By
experimental tests, it has been proved the impoetaof pretreatment optimization; in fact
considerable differences in final sugars yieldsmfrdbagasse hydrolyzates using different
impregnating agents has been achieved.
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The yields of glucose and xylose under differem¢tq@atment conditions provided an
indication of the efficiency of the conversion d@llalose and hemicellulose to the corresponding
monosaccharides.

The utilization of S@ as impregnating agent for steam pretreatmentssltexl the most
promising method respect hydrogen peroxide imprégmand respect to the pretreatment without
addition of chemicals agents. This study shows thatoptimal conditions for SCB pretreatment
steam is working with SQimpregnation and running pretreatment processO8t@ for 5 min.
Enzymatic hydrolysis was performed both on the whpietreated material and the separated
washed fiber fraction. By working with 10wt% WIS)et achieved final glucose concentration
value, in washed samples, was around 50g/l witlnal fyields equal to 68% (compared with
theoretical one) and e selectivity equal to 93%rtHarmore, xylose final concentration obtained
has been considerable, equal to around 13 g/l,@ Hretreatment, glucose and xylose yields have
been very low. This data confirm that® impregnated bagasse, compared tg S@pregnated
and non impregnated bagasse, lead to a higheeeledhydrolysis of cellulose and hemicellulose
at the pretreatment stage causing a high degreegoadation of the released sugars.

Results obtained are quite important for the omation of the process. In fact, the
pretreatment by using S@s impregnating agent, resulted the most effectsszéhe one which
requires shorter pretreatment time, only 5 minutempared with the other process which needs 15
minutes of stem-pretreatment to be effective.Astenaif fact, this result involves a great reduction
in term of energy requirements of the process and snplies a strong breakdown of bioethanol
production costs.
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5. Enzymatic Hydrolysis performed in bioreactor

5.1 Introduction

The aim of this study has been to optimize the evatic hydrolysis step by performing it in
a bioreactor (Infors AG, Bottmingen Switzerland)thwna working volume of 500ml. The procedure
followed is similar to which used by working withags flasks that it has been described in the
previous chapter (84.5.3).

The use of a bioreactor enhance the mixing of SGBenal pretreated, increasing the
power of stirring. So, it's possible to obtain sleakize particles in the agglomerate, achieving a
uniform suspension of material-pretreat@eieira et al., 2031In this way, the cellulosic fraction
becomes more easily accessible for the enzymdacinseveral studies have proved that a glucose
concentration yield by enzymatic hydrolysis is lowden the mixing is inadequate (Bylund et al,
1998; Schweder et al., 1999; Enfors, 2001).

5.2 Experimental design

Enzymatic hydrolysis experiments (Fig. 5.1) haverbearried out by using 10 wt % WIS
with no-washed SCB (whole slurry samples) pretctatgh 2% SQ, 1%H0, and 0.2%HO,, as
previously described (84.5.1).

Obtained results have been compared with whoseaathiperforming hydrolysis in glass
flasks, for washed and no-washed samples.

This analysis is significant to evaluate the impocde of perfect SCB-pretreated mixing and,
overall, to evaluate the possibility to bypass waglstep that is an economical relevant obstacle to
get a profitable bioethanol synthesis.

In fact, the washing step includes two phases, am@chl compression and pretreated
biomass washing that are a further economical aedgetic cost for the whole process. Moreover,
the main advantage of the washing step is the agparfrom the solid of the liquid fraction, which
is xylose rich.

Recoverd xylose could be used for ethanol fermematcellulase enzyme production
(Szengyel et al., 1997) or can be transformed teerowvaluable products. But, in bioethanol
synthesis, this amount si very low and so this athge is almost negligible.

Cellic® Ctec2 enzyme has been still used and twallgh experimental conditions on the
enzymatic loading were analyzed, 10FPU/g and 20§mi)fibrous material, in order to verify if
increasing cellulases dosage in the process canealthe yield and rate of the hydrolysis.
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>2% SO,
> 1% H,O,

>0.,2% H,0,

l 10 wt% WIS |

Slurry

Enzyme Enzyme
(10 FPU/g) (20FPU/g)

Fig 5.1 Scheme of experimental design

5.3 Material and Method

Enzymatic hydrolysis has been performed in a 2ordzctor (Infors AG, Bottmingen
Switzerland; Fig 5.2), at 45 °C, pH 4.8-4.9 (0.1sbtium acetate buffer) using overhead stirring at
300 rpm average agitation speed, for 48 hours.

Buffer has been added to a final weight of 500gn@as have been taken for carbohydrate
analysis after 24 and 48 hours. All enzymatic hiydis trials have been carried out in two parallel
runs and the average of the two runs used.
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Fig 5.2 Bioreactor(Infors AG, Bottmingen Switzerland)

The concentration of fermentable sugars in hydealyliquid is separated by HPLC, using
Aminex HPX-87P column (Bio-Rad, Hercules, CA, USA3,previously described (84.5.4).

5.4 Results and Discussion

For each pretreatment condition tested, the cormm of glucose and xylose (g/l)
achieved in the hydrolyzed liquid has been analyaed it has been compared with the yields
obtained, after 48 h and at the plateau statesrfaymatic hydrolysis performed in glass flasks (Fig
5.3).
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Glucose-10 wt% WIS
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M 10 FPU/g in bioreactor (48h)

M 20FPU/g in bioreactor (48h)

M 10FPU/g in flasks (48h)

10FPU/g in flasks (plateau)

SO2 1%H202 0,2%H202

Xylose -10 wt% WIS

50
40
M 10 FPU/g in bioreactor (48h)
S 30
_‘c' 20FPU/g in bioreactor (48h)
E 20 -
> M 10FPU/g in flasks (48h)
10 B 10FPU/g in flasks (plateau)
0 a

SO2 1%H202 0,2%H202

Fig 5.3 The final yields of glucose and xylose itné¢ whole slurry samples hydrolyzed by using bioreaor
and glass flasks

Comparing the final percent yields of glucose aghbse, between samples hydrolized in
bioreactor and whole slurry samples hydrolyzedlasg flasks, it's possible to state that: bioreacto
enhances strongly biomass conversion to fermensaigars.

In particular, analazyng the data it's possibleate that:

» by working with  10FPU/g, by using a bioreactohere is an average enhancement
of final percent yields achivied equal around 2986 glucose and 9% for xylose
respect to enzymatic hydrolysis performed in gliasks. This result proves the
importance of an appropriare stirring rate. In facbmparing results obtained
operating at the same conditions (impregnating @ge&mzymatic load, absence of
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washing phase), it's possible to note how biore@aatsing improve biomass
conversion to glucose over 150% .

» Enhancing enzymatic load clearly improves biomassversion to fermentable
sugar. In fact, by using 20 FPU/g in bioreactoer¢his an average enhancement of
final percent yields achivied equal around 38% dtrcose and 11% for xylose
respect to conversion achieved with glass flasks.

A comparison between the final yields of glucosel atylose achieved in non-washed
hydrolyzed samples by using bioreactor and in wéstyelrolyzed samples by using glass flasks is
showed in figure 5.4.

Glucose-10 wt% WIS

50

10 FPU/g in bioreactor (48h)

M 20FPU/g in bioreactor (48h)

10FPU/g in flasks (48h) washed

Yield (%)

10FPU/g in flasks (plateau) washed

SO2 1%H202 0,2% H202

Xylose -10 wt% WIS

30

W 10 FPU/g in bioreactor (48h)

25

20 20FPU/g in bioreactor (48h)

Yield (%)

M 10FPU/g in flasks (plateau) washed

10 -

Z N

SO2 1%H202 0,2% H202

M 10FPU/g in flasks (48h) washed

Fig 5.4 The final yields of glucose and xylose itné¢ whole slurry samples hydrolyzed by using bioreaor
and washed samples hydrolyzed by using glass flasks

118



By data obtained, it's possible to note that:

» In SO-samples hydrolyzed with 10 FPU/g, the glucose grdrgield achieved by
using bioreactor enhance about 3,5% respect togguproduction obtained, after 48
hours, in glass flasks. However, the glucose yielatained after 48 hours in samples
hydrolyzed in bioreactor are around 4% lower thhasé obtained in flasks at
plateau.

» On the other hand, by using 20 FPU/g, the finalveosion enhancement equal
around 5 and 13% respect to those obtained in dlasiss, after 48 hours and at
plateau, respectively.

» In H,O,-samples hydrolyzed in bioreactor, by working witbFPU/g, the glucose
final yield is lower than that achieved in glasasis, both after 48 hours that at
plateau. This is due to formation of phenol andibfer lignin derived compounds
which strongly negative affect enzyme activity §4.

» Instead, working with 20FPU/g, the glucose finaklgs in bioreactor present an
improving equal to 4,5 and 9% than those obtaiesgectively after 48 hours and at
plateau time, in glass flasks.

» In all samples examined, xylose vyields obtained usyng a bioreactor were
significantly higher than those obtained performmglrolysis step in glass flasks.
In particular, S@ samples hydrolyzed in bioreactor show an enhaeoéwf xylose
final yield equal about 18% for 10FPU/g and 20%2Z06FPU/g than that obtained in
glass flasks, both after 48 hours and at plateau.

It is possible to conclude that, for Sfretreated samples, working with an amount equal t
10FPU/g of enzyme load and enhancing the mixing@B-material pretreated, it is possible to
increase the yields of glucose and xylose resmethdse obtained after 48 hours in whole slurry
and washed samples hydrolyzed in glass flasks.

On the other hand, by using® as impregnating agent, performing enzymatic hysisl
in bioreactor strongly improve biomass conversionférmentable sugars but in this case the
washing step is crucial to remove inhibitory compdsl present. To overcome this problem it's
possible to enhance enzymatic load.

As matter of fact, working with an amount equaR@~PU/g of enzyme load and enhancing
the mixing of SCB-material pretreated, it is poksiio obtain glucose and xylose yields, even after
48hours of enzymatic hydrolysis, higher than figigld achieved by enzymatic hydrolysis in glass
flasks. Glucose and xylose improving obtained,aasing the dosage of enzyme in the process to
20FPU/q, are reported in the figure below (fig 5.5)
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Fig 5.5 Comparison between the final yields of gluse and xylose obtained in the samples hydrolyzed i
bioreactor and by working with two different enzymatic dosages

By the analysis of obtained data, it is possibl@dte that, in case of SCB pretreated with
SO, the achieved glucose concentration values afteh 2esults to be around 40g/I and 48 g/l,
working to 10 and 20 FPU/g, respectively. After 48te glucose yield results to be around 46 g/I,
by using 10FPU/g and 59 g/I, working to 20 FPU/g, By working with 20FPU, an increasing of
conversion rate is achieved. In fact, already &tehours with 20 FPU, it's achieved a conversion
equal around to the conversion obtained by worlitg 10FPU after 48 hours of reaction.

Xylose concentration in these hydrolysates was edswiderable, around 25g/l and 29 g/I,
using 10 and 20 FPU/g respectively. As obtainegr@vious experiments (84.5), after 48 h, glucose
and xylose final concentrations has been the lowesamples pretreated with 1% and 0.2804
impregnating agent. In 1%,B,-hydrolysates, glucose concentration achieved bans bqual about
409/l and 69/l to 10FPU/g, and about 469/l andl9ay20FPU/g. Instead, the glucose and xylose
concentration values produced in 0,2%Opthydrolysates has been about 34g/l and 6g/l to
10FPU/g, and approximately 449/l and 7 g/I by wogkwith 20FPU/qg.

The final glucose and xylose yields (%) have besoutated as previously descripted (84.5)
and they are showed in the table 5.2.
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Time Impregnating Glucose/biomass | xylose/ biomass glucose+xy|ose/
FPUIS | (houre) agent [(%&)gg] [(g(%g] buoma?;)g(g/u/g]
SO, 33,53 20,57 54,10
o 1% H,0, 27,64 4,03 31,67
10 0.2% HO, 23,73 2,09 25,82
SO, 37,50 20,57 58,07
48 1% HO, 32,51 5,26 37,77
0.2% HO, 27,40 5,02 32,41
SQ, 43,70 22,30 66,00
24 1% HO, 39,26 5,80 45,06
20 0.2% HO, 32,97 2,25 35,22
SO, 47,02 23,74 70,76
48 1% H0, 37,71 7,04 44,75
0.2% HO, 35,81 5,46 41,27

Tab. 5.2 The glucose and xylose yields obtainedtime samples hydrolyzed in bioreactor, by working wth two
different enzymatic dosages

As observed for enzymatic hydrolysis experimentsri@d out in glass flasks with
10wt%WIS no-washed SCB after steam pretreatmenb)8the highest glucose and xylose yields
has been reached for 2Mydrolysates, and the lowest in®3-hydrolysates.

5.5 Conclusions

The mixing of sugarcane bagasse, during enzymatitrolysis step, is a parameter of
paramount importance for fermentable sugars prasluch the hydrolysates. Bioreactor using has
allowed to increase the power of stirring and serthance the mixing of SCB-material pretreated.
In this way, it was achieved a uniform suspensibmaterial-pretreated and an easier action of
enzymes on hemicellulose and cellulose fractiohe dchieved fermentable sugars yields has been
considerable already after 48hours, by working witbwt%WIS no-washed samples after
pretreatment. This makes it possible to optimize liydrolysis enzymatic process by reducing
costs. In fact, working with a high load of wholersy after pretreatment avoids to introduce the
biomass washing step before enzymatic hydrolysisthErmore, the reaction kinetics has been
increased achieving, in this way a substantialeBsing of reaction time necessary to get the whole
conversion. It's an important result that paveswlg to an economical optimization of bioethanol
synthesis.
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The yield and rate of the hydrolysis is considerashanced by increasing the dosage of
cellulases in the process. However, in accordirth Bun and Cheng, 2002, by increasing enzyme
load, the cost of the process increase signifiggi@ln and Cheng, 2002). Currently, enzyme cost
in cellulosic ethanol production is about 10-15&#ich is about 20-25% of the total costs (Sassner
et al, 2008; Lynd et al., 2008). This could beaodvn by:

» using cheaper enzymes;

* increasing the cellulase activity by optimizatiohemzyme components (Sun and Cheng,
2002);

» decreasing unproductive enzyme binding (Erikssaai.e2002)

» recycling enzyme(Galbe et al., 1990).

A proposed method to obtain more convenient cedkdais the immobilization of enzymes
(Cao, 2005) which the main advantage is an easmvery and reuse of the catalysts for more
reaction loops. Also, enzyme immobilization fregiyenmesults in improved thermostability and
resistance to shear inactivation and so, in genéredn help to extend the enzymes lifetime (Hong
et al., 2008).

The experimental activity, carried out at ENEA idal National Agency for New
Technologies, Energy and Sustainable EconomicakDpwment, Technical Unit of Trisaia, under
the supervision of Dr. Isabella De Bari, has beeoused on the study of cellulase enzyme
immobilization by using of particular support inder to enhance cellulases efficiency. This study
was explained in the chapter 6.
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6. Immobilization of enzyme on Epoxy supports.

6.1 Introduction

The use of enzymes in the hydrolysis of cellul@seery advantageous because enzymes are
highly specific and can work at mild process cands (Galbe and Zacchi, 2002).

Despite these advantages, the use of enzymes ustirad applications is still limited by
several factors: most enzymes are relatively utestab high temperatures, the costs of enzyme
isolation and purification are high and it is qudéficult to recover them from the reaction
mixtures. Currently, extensive research is beingrieth out on cellulases with improved
thermostability (Grassick et al., 2004; Demain let 2005; Gusakov et al., 2005; Turner et al.,
2007).

The immobilization of enzymes has been proposedetoove some limitations in the
enzymatic process (Hong et al., 2008). The mairaaige is an easier recovery and reuse of the
catalysts for more reaction loops. Also, enzyme aohilization frequently results in improved
thermostability and resistance to shear inactimvaaad so, in general, it can help to extend the
enzymes lifetime.

The cellulase enzyme immobilization has been thm rmian of the research activity carried
out at the UTTRI BIOM laboratory of ENEA Italian Nanal Agency for New Technologies,
Energy and Sustainable Economical Development, fieahUnit of Trisaia, under the supervision
of Dr. Isabella De Bari. In this study preliminargsults have been obtained by using of epoxy
support (Sepabeads® EC-EP403/S), a particular suppgerform a very easy immobilization-
stabilization of commercial cellulase enzymes.

6.2 Immobilization of enzyme

In enzymatic hydrolysis process, the final yielddarmate of fermentable sugars is
considerably enhanced by increasing the dosagellofases (85.4 and 5.5). One typical index used
to evaluate the performances of the cellulase pa¢ipas during the enzymatic hydrolysis is
conversion rate expressed as obtained glucose matten per time required to achieve it (g
glucose/l/h). Some authors reported conversionsrate softwoods substrates (5%w/v solids
loading) in the range 0.3-1.2 g/l/h (Berlin et 2D07). However, in according with Sun and Cheng,
by increasing enzyme load, the cost of the proteseases significantly (Sun and Cheng, 2002). In
general, compromise conditions are necessary betweeymes dosages and process time to
contain the process costs. In 2001, the cost tdyme cellulase enzymes was 60-90 c€/l (0.8-
1.32%/liter). In order to reduce the cost of celfds for bioethanol production, in 2000 the Nationa
Renewable Laboratory (NREL) of USA has startedatmlations with Genencor Corporation and
Novozymes. Similarly, collaboration between Novorgand NREL has yielded a cost reduction
of about 30-fold since 2001 (Mathew et al., 200&urrently, enzyme cost in cellulosic ethanol
production is about 10-15 c€/lI which is about 2042&f the total costs (Sassner et al, 2008; Lynd et
al., 2008).
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So, thanks to the latest breakthroughs in the relse@r improving enzymes synthesys,
nowadays most enzymes are produced for a comnigr@ateptable price. Nonetheless, the
industrial utilization of cellulases could be everre convenient by improving their stability in
long-term operations and by developing methodsAm®es for the downstream recovery and reuse.
These objectives can be achieved by the immohiizaif the enzymes (Cao, 2005).

The main advantages of the enzyme immobilizatien ar
more convenient handling of enzymes

easy separation from the product

none or minimal protein contamination of thedurct
possible recovery and reuse of enzymes

enhanced stability under different storage apérational conditions (e.g. towards
enaturation by heat or organic solvents or bylgsis) (Sheldon, 2007).

oo A w N R

The main methods of enzyme immobilization can l@ssified into four classes: support
binding (carrier), entrapment, encapsulation angdstinking (Fig. 6.1).

Support binding is based on fixing the enzyme te éxternal or internal surface of a
substrate, by physical (adsorption), ionic or cemal bonding. Adsorption is a simple and
inexpensive method of immobilization which does mwbdify the enzyme chemical structure.
However, it does not produce strong bonds betweegmnee and substrate and this could cause a
progressive lost of the enzyme from the supponickbinding determines a strong bond between
enzyme and support. The supports may be functimedhlivith a variety of chemical groups to
achieve the ionic interaction, including quaternagmmonium, diethylaminoethyl and
carboxymethyl derivates (Brady and Joordan, 2009).

Covalent binding is the most widely used methodnwinobilization. In this method, the
amino group of lysine is typically used as pointofalent attachment (Brady and Joordan, 2009).
Lysine is a very common amino-acid presents ingingt often localized on their surface. It has a
good reactivity and provides acceptable bonds Igtal§krenkova and Forest, 2004). Supports
containing epoxy groups are widely used in the irbifimation by covalent binding. These can
react with lysine and with many other nucleophgroups on the protein surface (e.g. Cys, Hys, and
Tyr). Epoxy groups also react, in a slower wayhwaarboxylic groups (Mateo et al., 2007). The
support used in this immobilization method is tghiy a prefabricated carrier, such as synthetic
resins, biopolymers, inorganic polymers such asasdr zeolites.

Entrapment is based on inclusion of the enzymepalgmer network (i.e. organic polymer,
silica sol-gel).

Unlike the previous methods, entrapment requiressgmthesis of the polymeric network in
the presence of the enzyme (Sheldon, 2007). Thihadehas the advantage of protecting the
enzyme from direct contact with the environmentuang the effects of mechanical sheer and
hydrophobic solvents. However, only low amount ngzymes can be immobilized (Lalonde and
Margolin, 2002).
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Encapsulation is a method similar to entrapmertt, ibuhis case, the enzyme is enclosed in
a membrane that acts as a physical barrier arouf@aio L., 2005). The disadvantage is that
entrapping or encapsulating matrix offer a certasistance to the substrates diffusion.

Cross-linking results in the formation of enzymey@gates by using bifunctional reagent,
like glutaraldehyde, able to bind enzymes to eabtlerowithout resorting to any support. In 1996,
cross-linked enzyme crystals (CLEC) were commemadl by Altus Biologics (Margolin, 1996).
However, CLEC formation requires laborious and espee processes of protein purification and it
is applicable only to crystallisable enzymes. Idiadn, only one kind of enzyme can be used in the
CLEC formation (Brady and Joordan, 2009). In 200kss-expensive method, known as CLEA
(cross linked enzyme aggregates) was developedhétd&n’s Laboratory and commercialized by
CLEA Technologies (Netherlands), (Sheldon et &05).
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Fig. 6.1 Enzyme immobilization strategies: (a) supprt binding, (b) entrapment, (c) encapsulation andd) cross-
linking. Enzymes are represented by circles

Recently a new method has been developed, esyesugihble for lipase immobilization. It
is definedSpherezymeand it is based on the formation of a water-ineoilulsion, in which lipases
and surfactant are dissolved. Following the additad a bifunctional cross-linker, permanent
spherical particles of enzyme are generated (BaadyJoordan, 2009).

The most interesting immobilization proceduresiarine area of covalent binding. Supports
containing epoxy groups are widely used in the irbifimation by covalent binding because these
generate intense multipoint covalent attachment witferent nucleophiles present on the surface
of the enzyme molecules (Mateo et al., 2007). @nédtion of epoxy supports is the slow reaction
of immobilization. To overcome this problem, Matweod coworkers have designed epoxy supports
able to ensure a mild physical adsorption of theyeres followed by a very fast intramolecular
covalent binding with the material epoxy groupse3é supports were used to immobilize and
stabilize enzymes such as glutaryl acylase (Mated.£2001), R-galactosidase from Thermus sp.
12 (Pessela et al., 2003), and peroxidase (Abal,&002). Epoxy supports, known as Sepabeads®
are marketed by Resindion s.r.l. and quickly haegum to supersede another commercial support,
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known as Eupergit. This last is a microporous, gpmotivated acrylic beads with a diameter of
100-250u, used for a wide variety of different eneg (Boller et al., 2002).

6.3 Immohilization of cellulases: status of art

In literature, only few papers are available on ¢b#ulases immobilization. This is due to
the fact that cellulose is not soluble and some amiization techniques, such as enzymes
entrapment, impede the interaction enzyme-substtatmobilization of cellulases via covalent
bonds appears to be the most suitable techniquedé&ethe enzyme stabilization, the covalent-
immobilization allows the use of supported enzynfmsseveral cycles of reactions (Brady &
Joordan, 2009; Li et al., 2007; Mateo et al., 2@D@yrado et al., 2002; Yuan et al., 1999).

In 1999, Yuan and coworkers, immobilized cellulase® acrylamide grafted acrylonitrile
copolymer membranes (PAN) by means of glutaraldehythey showed that the enzyme stability
was increased after the immobilization processo Atlse activity of the immobilized cellulases was
higher than the free cellulases at pH 3 - 5 artdraperatures above 45 °C (Yuan et al., 1999).

In 2002, cellulases from. reesewere immobilized on Eudragit L-100 by researcludrhe
University of Minho (Portugal). They used the comamd mixture Celluclast® 1.5L supplied by
Novozymes (Denmark). This method allowed to impraolre stability of the enzymes without
significant loss of its specific activity. The adgtion of cellulases on Eudragit lowered the
enthalpy of denaturation, but affected only sligttie denaturation temperature (Dourado et al.,
2002).

In 2006, Li and coworkersnmobilized cellulase enzymes by means of liposoniégse
are phospholipid vesicle, ranging in size from 28 to 1um. In this method, glutaraldehyde-
activated liposome bound to the enzyme thus forntiegliposome-cellulase complex. Following
this step, the complex was immobilized on chitogah-The immobilized enzyme by the liposome
molecules showed efficiency higher by 10% compaeoethe enzyme immobilized in chitosan-gel
without liposome. The immobilized cellulase-liposmmomplex showed a loss of activity of 20%
with respect to the original value after six cyotégeaction. Therefore, liposome-binding cellulase
appeared to prevent or limit the enzyme deactinafio et al., 2007). Recently, flzglucosidase has
been immobilized on magnetic particles activateatygnuric and polyglutaraldehyde groups. This
study has show that immobilizgdglucosidase activity is retained after five cycl#sreaction
(Alftrén and Hobley, 2011).

6.4 Immobilization of enzymes on epoxy supports

Epoxy supports are ideal matrices to perform a \e&yy immobilization—stabilization of
proteins via multipoint covalent attachment (Matgoal., 2007). These supports display short
spacer arms which may react with many nucleoplgitaups present on the protein surface (e.g.,
Lys, Cys, His, Tyr) and, in a slower way, with caxblic groups (Fig. 6.2-6.3; Mateo et al., 2007).
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Fig. 6.2 Proteins bind to epoxide groups on the SepEpoxy surface. Primary amines (lysine shown) orhe
protein surface act as nucleophiles, attacking epg»groups and coupling the protein covalently to thesurface
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Fig 6.3 Reactive epoxide surface chemistry binds pteins covalently in several different ways and, #refore, a

high number of protein molecules can be captured othe surface for various binding reactions
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The enzyme-immobilization onto epoxy support foldow two-step mechanism (Guisan,
2006) :

1. Rapid physical or chemical fixation of protein dmetsupport surface (through different
regions of the protein surface);

2. Promotion of intramolecular multipoint attachmeetween the epoxy groups of the support
and the nucleophiles placed in the vicinity of tiegion of the protein participating in the
first fixation.

The first step is promoted by a low concentratibrctfiemical moieties included on epoxy
supports (easily introduced on a few epoxy grougsich chemical moiety promotes different
interactions involving different regions of the im surface. Epoxy groups also react, in a slower
way, with carboxylic groups (Mateo et al., 2001pble 6.1 shows some examples of different
chemical moieties able to promote a rapid physarachemical binding of proteins to epoxy
supports, under very mild conditions (Mateo et2007).

| Group | Interaction

Hydrophobic supports | Hvdrophobic pockets on the protein
surface at verv high ionic strength

—NH;* Anionic exchange with protein regions that
are rich in negative charges

Formation of metal chelates with protein

i regions that are rich in His residues (e.g.,
S polv-His-tagged proteins)

COO~ ~

Highly reactive disulfide groups—5—S5—R Thiol-disulfide exchange with Cys placed
(or introduced in different regions of the
| protein surface)
—COO0- Cationic exchange with protein regions
| that are rich in positive charges

Table 6.1 Different groupsthat may be used in promote a rapid physical or chmical binding of proteins to
epoxy supports, under very mild conditions

The second step is promoted by epoxy groups. Aghdang-term incubation of the already
immobilized proteins under neutral pH may promdie formation of a few covalent linkages
between the protein and the epoxy groups in th@augKatchalski-Katzir and Kraemer, 2000).
The highest intensity of multipoint covalent atta@nt is achieved via a long-term incubation
under alkaline conditions because of the increasthé reactivity of nucleophiles (mainly Lys
residues usually present on the protein surface}éMet al., 2002; Mateo et al. 2000) (Fig. 6.4).
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Long-term
incubation
under alkaline
conditions

Fig. 6.4 (a) Physical or chemical immobilization oproteins (blue). Groups in the protein able to inéract with the
groups in the support. Groups in the support abled promote a rapid physical or chemical fixation othe protein
on the support surface. (b) Multipoint reaction ofnucleophiles of immobilized proteins and epoxy grqus

The use of several of these supports may permiintheobilization of a particular enzyme
with different orientations, resulting that eaclegaration has very different activity, stabilitydan
selectivity (Mateo et al.,2007). Enzymes immobiizen epoxy support include: epoxyde
hydrolase A. nige) (Mateo et al.,, 2003), glutaryl acylase (Lopezi€gd et al., 2004), B-
galactosidaselhermus spjPessela et al., 2004).

In my research activity, a commercial cellulaseyemz (Celluclast® 1.5) was immobilized
on epoxy Sepabeads® EC — EP support (Resindigrasalkaline conditions (pH 8). A long-term
incubation of enzymes has been carried out in tixtune containing the epoxy support and buffer
in order to promote immobilization via covalentding.

6.5 Materials and method

6.5.1 Soluble Enzymes

Celluclast®1.5L (Novozymes A/S, Bagsnd, Denmark) were used to test the effect of
cellulases immobilization. Celluclast protein comcation was 123 mg/mL and the filter paper
units (FPU) was 59.47 FPU/m.

6.5.2 Support

Sepabeads® EC —EP403/S support (Resindion s.rlys&d to immobilize Celluclast®1.5L
enzyme (Fig 6.5).
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Particle size range (um)

S grade M grade

100 — 300 200 — 500

Fig 6.5 Sepabeads® EC —EP support (Resindion s.r.l)

6.5.3 Immobilization of enzymes on epoxy supports

The commercial enzyme was immobilized on epoxy Bepds® support by using 1 ml of
enzyme per 0.1g of support in a buffered mediumtatomg KH2PO4/K2HPO4 (1M, pH8), as
suggested by Basso et al. on the immobilizationuwfnases (Fig. 6.6; Basso et al., 2010).

Sepabeads® IE_Q-EP403/S

Cel

BUFFER
(KH,PO,/
K,HPO, -1M,
pH 8)

Hl._

HN‘?
QO Qm‘g

Fig 6.6 Schematic representation of cellulase immdization onto a epoxy support

<— Long —term

incubation

The mixture was stirred at room temperature for. Blccessively, the immobilization went
on for 21h without stirring. The solution was frikel and the liquid phase was recovered for
proteins determination by the Bradford's method.e Ttesulting cellulase-supported epoxy
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Sepabeads® was washed three times with the sanfer lsofution. After the third washing, the
residual proteins still adsorbed on the supporevekrsorbed by adding 0.5M NaCl and by stirring
for 45 min. The solution was filtered and the ldjyphase was recovered for protein determination
by Bradford's method. The immobilized biocatalysese finally rinsed with phosphate buffer (1M,
pH 8) and stored at 4°C.

6.5.4 Bradford protein assay

The proteins assays were carried out accordingedtadford’'s method by using the Bio-
Rad kit. Bradford method is based on the actioB@dmassie brilliant blue G-250 (CBBG) dye that
binds specifically to residues of arginine, trygtap, tyrosine, phenylalanine and histidine. The
CBBG binds to these residues in an anionic fornth wiaximum absorbance at 595 nm. The dye in
the stock solution is, in fact, in cationic formdaih has a maximum of absorbance at 470 nm (Fig.
6.7).

Fig. 6.7 Molecular structure of Coomassie brilliantblue G-250

The binding of the dye to basic and aromatic remsddetermines a shift of the absorption
maximum from 465 to 595 nm, which can be measusedgectrophotometric analysis. For the
assay, 1 ml of sample and 3 ml of Bradford Readpane been used. After the addition of the
reagent, test tube have been gently mixed and atedkat room temperature from 5 to 45 minutes.
The marker-protein complex is stable for 60 minuten the samples have to be analyzed within
this time and possibly 10 minutes away from eadtentThe reading of the samples has been
performed by spectrophotometry, using UNICAM UV 3@@rmospectronia double beam
spectrophotometer at 595 nm.

The protein amount was determined through absoébameasurements at 595 nm. The
percentage of bonded enzyme was determined byiffieeetice between the concentration of the
native protein before immobilization and thosedugai in the filtrates after immobilization.

6.5.5 Determination of free and immobilized enzyme activity

The activity of enzymes was calculated in accorditty the standard procedure
recommended by IUPAC (Ghose, 1987).
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For Celluclast®1.5L, the activity of the free amdnnobilized enzyme was determined by
the amount of glucose produced during the hydrslgsithe filter paper Whatman No.1. The tests
were carried out in 0.05 M acetate buffer solutiqnd=4.8) for 60 min. The amount of reducing
sugars was measured through spectrofotometric mezasuats in presence of 2,4-dinitrosalicylic
acid reagent (DNS).

For immobilized enzyme, the samples were centrikgyand the supernatant was removed.

The enzymes activity has been calculated as thdgsnud glucose produced per min and
per mg of enzymes proteins during the hydrolysa&tien:

Activity of cellulase [pmoles/(min mg)] = 1000 w/{Nm)

where, w is the amount (ppm) of produced glucosgghMmoles) is the molecular weight of the
glucose, v (L) is the volume of the measured santptethe reaction time (min), m is the mass of
the biocatalyst (milligrams).

6.5.6 Activity of free and immobilized enzyme

A solution of immobilized cellulase and an equivilamount of free enzyme were taken,
along with 50mg Whatman #1 filter paper in 0.05Mtate buffer (pH=4.8). The experiments were
carried out in test tubes incubated at differemhpgeratures ranging from 40°C to 70°C. The
reaction was stopped after 60 minutes by puttiregttibes in a boiling water bath for few minutes.
Finally, the glucose released by the free and imizel cellulases at different temperatures were
measured and compared.

6.6 Results
6.6.1 Kinetic study of Celluclast enzyme immobilization

Celluclast®1.5 enzyme immobilization on epoxy Seqzals® support has been carried out
via incubation at 25 °C for 40 h. Kinetic analybis been performed by the measurement of the
proteins remaining in solution through the incubatiime. Obtained data are showed in Table 6.2,
where the amount of immobilized proteins (absordded proteins) is expressed as percentage of
proteins total amount present in the sample. Theye hbeen calculated as complement to the
residual proteins in solution.
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Reaction time Immobilized proteins| Residual proteins in solutions
[hours] % %

0 0 100

2 13,52 86,48
4 32,87 67,13
6 58,27 41,73
10 67,10 32,90
20 67,92 32,08
30 67,97 32,03
40 67,99 32,01

Table 6.2 Immobilization kinetics

There was a rapid decline in the level of the pnsten solution during the early 6 h,
followed by plateau situation. In fact, immobilizedoteins amount rises in the first 6 hours up to
58,27% with a immobilization velocity equal to 19,4-1. After this, immobilized proteins amount
still grows in the next 4 hours up to 67,10% reaghafter a reaction time aboutlO hours, a
plateau state (Fig. 6.8).

—&— Immobilized proteins %
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S —O— Residual proteins in
2 45 solution %
Q
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Figure 6.8 Time course of Celluclast®1.5 immobilizion
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These results are very important in order to oaT@nzyme immobilization reaction time.
At the end of the immobilization process, data repdhat the proteins immobilized on epoxy
Sepabeads® at pH 8 were 68% of the initial loadatdaining a final product with a ratio of 0.66
proteins grams per support grams. The amount ¢éimoreleased during the support washing was
of the order of few percents. This implies thatdeing the immobilization at pH 8, the proteins
were covalently linked to the support.

6.6.2 Study of enzyme activity at alkaline pH 8

In order to analyze if the use of alkaline pH dgrthe enzymes immobilization could have
affected the enzymes activity, samples of free iamdobilized enzyme were suspended in buffer
solution at pH 8. The activities were determinedspgctrophotometric analysis. The results are
summarized in Figure 6.9 where the control reprssiie Celluclast activity at pH 4.8 (50°C).

0.8
0.7
0.6 -
0.5 -
0.4 -
0.3 -
0.2 -
0.1 -

cellulases activity
(umol min-Img 1)

control immobilized non-immobilized
enzymes enzymes

Figure 6.9 Enzyme activity at pH 8

Data show that the use of pH 8 during the enzymenabilization partially affected the
enzymes activity. However, the activity of the fiadlulases incubated in alkaline medium without
the expoxy support is even lower than immobilizedyene one. This implies that the presence of
support reduced the enzyme denaturation causeduelpH of the immobilization step.

6.6.3 Thermal stability analysis

In order to compare the activities of the free anthobilized enzyme a series of tests have
been performed at different reaction temperaturable 6.3 shows the reaction parameters
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Parameter Range investigated
Enzyme Free/lmmobilized
Temperature 40,60,70°C
pH 4,8-5
Reaction Time 60min

Table 6.3 Reaction parameters of enzymatic actiwitcalculation

To compare immobilized and free enzyme performartbe, FPU activities of the
immobilized Celluclast were measured in similarditons at 40, 60 and 70°C. Figure 6.10 shows
the activity of the free and immobilized enzymeduastion of temperature.
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0,65 | ———Free Enzyme

0,6 - o
- Immobilized
0,55 Enzyme
0,5
0,45 -

0,4

--

0,35 +

Activity [umoli/{min*mgr)]

0,3
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0,2
30 40 50 60 70 80

Temperature [°C]

Fig. 6.10 Comparison between free and immobilizecheyme

According with literature data, free enzyme acyiiiresent a trend with a maximum at
around 60 °C followed by a strong decreasing. Tesilt confirms enzyme deactivation at high
temperature (Aymard and Belarbi, 2000).

The activity of the immobilized enzyme is lower ithide corresponding activity of the free
enzyme. However the immobilized enzyme activitgasitinuous increasing with the temperature
rising.

The trend does not present a pick of maximum andeover the pendency of the curve
increases for higher temperature.
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Activity should be expressed as function of reagatcof temperature, as reported in figure
6.11, where it is evident that an Arrhenius behawghould be estimated for immobilized enzyme:

Activity = 3,9365¢ %311

0,7
O
0,6
Activity decay
B 05 -
E
*®
=
E o4 S
B8
E
= 03
£
2 il i
£ o2 OFree Enzyme ®m mmobilized enzyme
< ! y = 3,9365e7553x
R?=09216
0,1
0,0 T T T T T T |
0,0029 0,00295 0,003 0,00305 0,0031 0,00315 0,0032 0,00325
1T, [K]-

Figure 6.11 Activity as function of temperature: Arhenius behavior

These results clearly show as immobilized enzynesent a great thermal stability with no
thermal deactivation for high temperature procesd averall, immobilized enzyme activity
overcome free enzyme activity for temperature highan 70 °C.

This is a key step for hydrolysis process optimargtin fact, crossing these data with
kinetic analysis of hydrolysis step in function mperature is possible to achieve the whole
optimization of hydrolysis reaction parameters.

6.7 Conclusions and outlook

The results presented in this thesis are very asterg. As matter of fact, Epoxy
Sepabeads® EC-EP403/S support has a good capadityrtobilize the enzymatic components in
Celluclast® rapidly and with an overall efficiencipse to 70%.

The kinetic analysis of this process has showgar@®ins immobilization presents a strong
increasing of immobilized enzyme amount in thetfirdrours of the processing then followed by a
slow decline over the next 34 h. This result israliminary step to achieve the operative and
economic optimization of the immobilization process

By a comparison between free and immobilized enzwactévity, it's showed as, in the
investigated range, immobilized enzyme presentghadri thermal stability respect to free enzyme.
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In fact, immobilized doesn’t suffer of thermal deeation and for temperature higher than 70 °C its
activity overcome free enzyme’s one.

This analysis has to be completed with further ae$tigher temperature to confirm the trend
of a constant increasing of immobilized enzymevdgtiwith temperature. Other trials, for different
reaction times, will be also carried out in ordeconfirm obtained results.

However, results presented in this thesis are quiienising in order to achieve hydrolysis
process optimization.

In fact, crossing immobilized enzyme activity watkinetic analysis of hydrolysis process it
is possible to achieve an optimum range for theningqhtemperature and, in this way, to optimize
one of the fundamental parameter of the process.
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Conclusions

In this PhD thesis several technologies to optinaideanced bioethanol synthesis have been
investigated. In particular, the research carriat ltas been focused on two of the main step of
second generation bioethanol synthesis: pretredtingnusing stem-explosion technology and
hydrolysis.

Steam-explosion is an effective and widely diffuseéthod to pretreat lignocellulosic
biomass in order to get a disruption of lignocelsit structure in its main constituents. In this
phase of research activity, the utilization of iegmating agents has been investigated to enhance
steam-explosion performance. A comparative anabfs®% and HO, as impregnating agents has
been carried out and by experimental tests, majtereinces in final sugars yields from bagasse
hydrolyzates using different impregnating agents leen demonstrated. The yields of glucose and
xylose under different pretreatment conditions ed an indication of the efficiency of the
conversion of cellulose and hemicellulose to theesponding monosaccharides.

The utilization of SQ as impregnating agent for steam pretreatmenteisrtbst promising
method respect toJd, impregnation and to the pretreatment without aeldibf chemicals agents.
By working with 10wt% WIS, the achieved final gls@concentration value was around 509/l with
a final yields equal to 68% (compared with theaadtone). Xylose final concentration obtained has
been considerable, it is equal to around 13 g/lenhi H,O, pretreatment glucose and xylose yields
has been lower.

This result is quite important, in fact, steam-pgratment, by using SCas impregnating
agent, is which requires the lower pretreatmeng tiamly 5 minutes respect 15 minutes required by
the other process (with B, impregnation and without any impregnating agent$)s result is
considerable inasmuch it leads to great advantagésrms of process energetic needs and to an
effective reduction of process costs in bioethgmotuction.

The mixing of sugarcane bagasse, during enzymatdrolysis step is a parameter of
paramount importance for fermentable sugars promtuah the hydrolysates. Bioreactor using has
allowed to increase the power of stirring and serthance the mixing of SCB-material pretreated.
The achieved fermentable sugars yields has beesidevable already after 48hours, by working
with 10wt%WIS no-washed samples after pretreatment.

The yield and rate of the hydrolysis is consideradihanced by increasing the dosage of
cellulases in the process, so increasing enzynte#id is way to enhance fermentable sugars
production, but in this case, the high cost of emzy could negative affect the profitability of the
process.

To overcome this problem enzyme immobilization hasen investigated. In fact,
immobilized enzymes is a way to ensure an easmvery and reuse of the enzyme for more
reaction loops. Moreover, the immobilization is aywo enhance enzyme stability at different
process conditions.
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Epoxy Sepabeads® EC-EP403/S support has been ptovéave a good capacity to
immobilize the cellulose used (Celluclast® 1.5 hpidly and with an overall efficiency close to
70%.

The immobilization kinetic analysis of this procdsss showed as proteins immobilization
presents a strong increasing of immobilized enzgmeunt in the first 6 hours of the processing
then followed by a slow decline over the next 34ith a whole efficiency of around 70%.

By a comparison between free and immobilized enzwactevity, it's showed as, in the
investigated range, immobilized enzyme presentgladri thermal stability respect to free enzyme.
In fact, immobilized doesn’t suffer of thermal deeation and for temperature higher than 70 °C its
activity overcome free enzyme’s one.

However, results presented in this thesis are quienising in order to achieve hydrolysis
process optimization. In fact, crossing immobilizedzyme activity with a kinetic analysis of
hydrolysis process it is possible to achieve amnogn range for the running temperature and, in
this way, to optimize one of the fundamental paramef the process.

The arguments and the deepenings on lignocelulbgiethanol synthesys, reported in
chapters 2 and 3, have been published in a book:

Verardi A.,.De Bari |., Ricca E., Calabro V. “Hydidis of Lignocellulosic Biomass:
Current Status of Processes and Technologies anmiré&uPerspectives”. Chapter in book
“Bioethanol”. Book edited by Prof. Marco Aurelio iheiro Lima, Intech Publisher, ISBN 979-953-
307-007-9

The experimental results and the analysis describechapter 6 have been presented in
several International Conferences:

18th European Biomass Conference & Exhibition, L{fnance), 3-7May 2010;

IBS2010 14th International Biotechnology Symposiand Exhibition, Rimini, 14-18
September 2010.

19th European Biomass Conference & Exhibition, iBgGermany), 6-10 June 2011;
19th ISAF —International Symposium on alchol fulésona 10-14 October 2011

And they have been published in the following paper

De Bari I., Verardi A., Calabro V., Liuzzi F., R&dE., Braccio G.. “Immobilization of
Cellulase enzymes on epoxy sepabeads® for the lggdroof lignocellulosic materials”.
Proceedings of “18th European Biommas Conferendex&ibition” pp. 1440-1442 ISBN: 978-88-
89407-56-5.

Verardi A., Saraceno A., Calabro V., Curcio S.,idot., De Bari I., Liuzzi F., Cuna D.
(2010) “Modeling of an Integrated bioreactor / paporation system, for bioethanol production,
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based on hybrid approach”. Proceedings of “IBS201@th International Biotechnology
Symposium and Exhibition” (Rimini 14-18 Septemif=@ .

Verardi A., De Bari |., Ricca E., Calabro V., “Hyadlysis of cellulose with immobilized
cellulases: process analysis and control”. Procegdi of “19th European Biommas Conference &
Exhibition”.Berlin, 6-10 giugno 2011

Verardi A., De Bari |., Blasi A.., Calabro V., “Imgpving of cellulose hydrolysis by using
immobilized cellulases”. Proceedings of “XIX I[ISAHRnternational Symposium on alchol
fuels”.Verona 10-14 Ottobre 2011

My research results have been used to develop attszarch aspects of bioethanol
synthesys, and they are presented to the followitggnational Conference:

Verardi A., Saraceno A., Calabro V., Curcio S.,idok., De Bari I., Liuzzi F., Cuna D.
(2010) “Modeling of an Integrated bioreactor / paporation system, for bioethanol production,
based on hybrid approach”. Visula presentation“d8S2010 14th International Biotechnology
Symposium and Exhibition” (Rimini 14-18 Settem@&Q® .

Calabro V., De Bari I., Verardi A., Saraceno A.,r€in S., Liuzzi F. “Integrated bioreactor
| pervaporation system, for bioethanol productioronf lignocellulosic biomass”.  Oral
presentation at “AMS6/IMSTEC10 — the 6th Conferentdhe Aseanian Membrane Society in
conjunction with the 7th International Membranee®ge and Technology Conference” (Sidney —
Australia 22 -26 Novembre 2010) and it will be lmled on “Desalination” Journal.
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Italian scenario and potential industrial application of researches
developed

In recent years, there has been increasing interébe use of perennial grasses as energy
crops. The characteristic which make perennial sggssuch as Switchgrass, Miscanthus, and
Arundo donax, attractive for biomass productiom their high yield potential, the high contents of
lignin and cellulose of their biomass and theiregally anticipated positive environmental impact
(Lewandowski et al., 2003).

In Italy, the research for perennial grasses asass crop for energy and fibre has started
iN1998 and it has been developed in South ItalgNEEA Research Center of Trisaia (Rotondella -
MT), by studying of 5 varieties of switchgrassédamo, Blackwell, Cave-in-Rock, Forestburg and
Kanlow (Fig Al). These varieties have shown a gaaptability and biomass productivity
(Elbersen et al., 2001). Many reasons are giveru$img switchgrass as a biomass crop. These
include the high net energy production per ha, psaduction costs, low nutrient requirements, low
ash content, high water use efficiency, large ravfggeographic adaptation, easy of establishment
by seed, adaptation to marginal soils, and potefatiacarbon storage in soil (Lewandowski, 2003).

.5'\/"
J

of switchgrass: A) Alamo Bpave—i-Rock C) Kanlow D) Blackwell

In Southern Italy was found at 37°latitudine, Misttaus x giganteus (Fig. A2), a species of
Miscanthus that is widely used in Europe and é&dapted to a wide range of soil conditions.
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Fig. A2 Miscanthus x giganteus

In April 2011, in northwestern lItaly, began the swoction of a cellulosic ethanol plant
named Italian Bio Products (IBP). The IBP will puog second generation bioethanol from variable
ligno-cellulosic biomass, by using as feedstock)-famd biomass and in particulArundo donax
(giant cane; Fig. A3), a grass able to toleratadewariety of ecological conditions. It can graw i
all types of soils from heavy clays to loose saaus gravelly soils and tolerates soils of low quyali

such as saline ones, too.

Fig. A3 Arundo donax

The perennial grasses as energy crops may repr@seafor opportunity for the agriculture
of the Italy, and in particular for South of Italhose conditions of high insolation and temperature
are able to influence positively in the dry biompssduction of plants "no food”.
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In this scenario, researches developed during my Rttivity can be of fundamental
importance to the production of advanced bioeth&wooh lignocellulosic residues.

In fact, also these varieties of biomass (Peremmedses), which are widely present in Italy,
need to be pretreated before hydrolysis step. [Sbeakvaluation carried out by using SCB are still
ready for these biomasses. Conseguently, reseatshityaperformed can be applied to improve
advanced bioethanol production and market in Italy.

Utilization of immobilized enzyme can be a way taka more profitable bioethanol
production from perennial grasses too.

So results obtained could be an important steplfdhe Europe and, in particular for Italy,
in order to make the production of lignocellulostbanol closer to the industrialization and opening
the way to new lignocellulosic biorefineries.
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