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SUMMARY

This thesis is focused on the process development for bioethanol production based in
the biorefinery concept. Nowadays, the role of biorefineries is centred on integration of
traditional and modern processes for utilization of biological raw material in the

production of energy and chemicals.

Lignocellulosic materials such as wheat straw are renewable biomass than can be used
as substrate in fermentation processes. The use of wheat straw includes the following
steps: milling, pretreatment, enzymatic saccharification and bioconversion of the
obtained sugars in bioethanol. In a first stage, autohydrolysis pretreatment was used for
solubilization of hemicellulose. In this part, the evaluation of autohydrolysis conditions
and determination of their monosaccharide composition in the liquid phase was studied.
The results showed the importance of the variation of the particle size distribution on
the extraction of total sugars from hemicellulose (glucose, xylose and arabinose),
demonstrating that the use of a blend with defined percentages of the various particle
sizes is an important parameter to establish before carrying out a pretreatment. In a
second stage, the pretreated solids obtained after autohydrolysis were subjected to
delignification using organosolv process. A high purity lignin was obtained after the

sequential autohydrolysis-organosolv process.

Following the biorefinery philosophy, the autohydrolysis hemicellulose extracted by
autohydrolysis optimum conditions was used as reinforcements in a k-car/ LBG
polymeric matrix for biocomposite manufacturing. Biocomposite from extracted
hemicellulose showed to be a good material to be used in the reinforcement of edible

films.

The susceptibility to enzymatic saccharification of pretreated solids obtained by
autohydrolysis and by sequential autohydrolysis-organosolv was studied. According to
the obtained results, enzymatic saccharification of the autohydrolysis pretreated solids
proved to be more effective than when the organosolv pretreated solids were used. The

maximum extent of the enzymatic conversion of cellulose to glucose was 90.88 % and
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64.04 %, respectively. These results demonstrate that the autohydrolysis pretreated

solids are a good substrate for simultaneous saccharification and fermentation.

The simultaneous saccharification and fermentation (SSF) of lignocellulosic materials
requires the utilization of microorganisms capable of working at high temperatures. In
this part of the work, a flocculant Saccharomyces cerevisiae CA11 was evaluated for its
ability to grow and ferment glucose in the temperature range of 40 - 50 °C. The highest
ethanol concentrations obtained were 24.12 and 24.38 g/LL at 40°C and 45 °C,
respectively, for an initial glucose concentration of 50 g/L.. The results indicate that the
S. cerevisiae CA11l was able to produce ethanol, showing a good performance at high
temperatures. In order to evaluate the effects of temperature, substrate concentration
(autohydrolysis pretreated wheat straw) and enzyme loading on: 1) ethanol conversion
yield, 2) ethanol concentration, and 3) CO, concentration, a central composite design
(CCD) was used. Results showed that the ethanol conversion yield was mainly affected
by enzyme loading, whereas for ethanol and CO, concentration, enzyme loading and
substrate concentration were found to be the most significant parameters. The maximum
ethanol concentrations (14.84 g/L) were obtained at 45 °C, 3 % (w/v) substrate and 30
FPU of enzyme loading, corresponding to an ethanol yield of 82.4 %. The scale-up of
SSF was performed evaluating the effect of stirring on ethanol yield. When the SSF was
conducted at higher stirring speed (250 rpm), 15.09 g/L of ethanol was obtained. This

corresponds to an overall ethanol yield of 84.49 %.

Overall, results presented in this work, describe the development of an integrated
process based on the biorefinery concept for the production of bioethanol from wheat
straw. It is shown that wheat straw pretreated with autohydrolysis process can be used
as a substrate for bioethanol production using a flocculent S. cerevisiae strain.
Moreover, extracted hemicellulose is applied as reinforcement for edible films and the

obtained lignin is a high purity product.
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RESUMO

Esta tese trata do desenvolvimento de um processo para producdo de bioetanol com
base no conceito de biorefinaria. Hoje em dia o papel das biorefinarias centra-se na
integracdo de processos tradicionais e modernos para utilizagdo de material bioldgico

bruto na producdo de energia e reagentes.

Materiais lenhoceluldsicos como a palha de trigo sd3o uma biomassa renovavel que pode
ser usada como substrato em processos de fermentagdo. Este processo consiste em:
moagem da palha de trigo, pré-tratamento da palha de trigo, sacarificagdo enzimatica e
bioconversdao dos agucares obtidos em bioetanol. Inicialmente o tratamento de auto-
hidrolise foi usado para solubilizar a hemicelulose. Nesta parte do trabalho, avaliaram-
se as condigdes de auto-hidrélise e determinaram-se os monossacaridos presentes na
fase liquida. Os resultados demonstraram a importancia da varia¢ao da distribui¢do do
tamanho das particulas na extracdo dos aglicares totais a partir da hemicelulose
(glucose, xilose e arabinose), e a necessidade de estabelecer a composi¢cdo da mistura a
utilizar antes de proceder a um pré-tratamento. Os solidos pré-tratados por auto-
hidrolise foram recuperados e deslenhificados através do processo organosolv, tendo

sido obtida uma lenhina de elevada pureza.

Com base no conceito de biorefinaria, a hemicelulose extraida por auto-hidrolise sob
condi¢des Optimas foi incorporada como refor¢o para uma matriz polimérica de k-car/
LBG, sendo obtido um biocompoésito que demonstrou ser um bom material para ser

usado no reforco de filmes ediveis.

A susceptibilidade 4 sacarificacdo enzimatica dos solidos pré-tratados obtidos por auto-
hidrélise e uma sequéncia de auto-hidrdlise-organosolv foi estudada. Os resultados
obtidos demonstram que a sacarificacdo enzimdtica ¢ mais eficiente quando se usaram
solidos pré-tratados s6 por auto-hidrolise. Os valores maximos de conversdo enzimatica
de celulose em glucose foram de 90.88 % e de 64.04 %, para solidos tratados por auto-

hidrolise e pela sequéncia auto-hidrolise-organosolv, respectivamente.
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O processo de sacarificacio e fermentagdo simultanea (SFS) de materiais
lenhocelulosicos requer o uso de microrganismos capazes de trabalhar a elevadas
temperaturas. Nesta parte do trabalho, uma estirpe floculante de Saccharomyces
cerevisiae CA11 foi utilizada pela sua capacidade de crescer e fermentar glucose numa
gama de temperaturas de 40 - 50 °C. As producdes maximas de etanol obtidas a partir
de 50 g/L glucose foram de 24.12 e 24.38 g/L a 40 °C e 45 °C, respectivamente. Os
resultados indicam que as células de S. cerevisiae CAll forem capazes de produzir

etanol, demonstrando um bom desempenho a altas temperaturas.

Para avaliar os efeitos da temperatura, concentracdo de substrato (palha de trigo pré-
tratada com auto-hidrdlise) e carga de enzima em: 1) rendimento de conversdo em
etanol, 2) concentragdo de etanol, ¢ 3) concentragdo de CO,, usou-se um desenho
experimental do tipo “central composite design” (DCC). Os resultados demonstraram
que o rendimento de conversdo em bioetanol foi principalmente afectado pela carga de
enzima, enquanto a concentra¢do de etanol e de CO,, carga de enzima e concentragao
de substrato foram considerados os pardmetros mais significativos. A concentracde
maxima de etanol (14.84 g/L) foi obtida a 45 °C, 3 % (p/v) de substrato e 30 FPU de
carga enzimatica, correspondendo a um rendimento em etanol de 82.4 %. O aumento de
escala do SFS foi realizado avaliando o efeito da agitacdo no rendimento de etanol.
Quando o SFS foi efectuado a velocidade de agitagdo mais elevada (250 rpm),
obtiveram-se 15.09 g/L de etanol. Este valor corresponde a um rendimento global em

etanol de 84.49 %.

Globalmente, os resultados apresentados neste trabalho descrevem o desenvolvimento
de um processo integrado baseado no conceito de biorefinaria para a produ¢do de etanol
a partir da palha de trigo. Demonstrou-se que a palha de trigo tratada por auto-hidrolise
pode ser usada como substrato para a producdo de bioetanol utilizando uma estirpe
floculante de Saccharomyces cerevisiae. Demonstrou-se também a possibilidade de
utilizar a hemicelulose extraida como refor¢co em filmes ediveis e a alta pureza da

lenhina obtida.
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ZD Motivation and outline

ABSTRACT

This chapter introduces the thesis motivation fayethanol
production using wheat straw biomass based on the
development of a biomass pretreatment procesgweld by
simultaneous  saccharification and fermentation by
Saccharomyces cerevisiaad adopting the biorefinery concept.

Finally, thesis outline is explained.
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1.1 THESIS MOTIVATION

Svante Arrhenius in 1896, published a paper edtitten the Influence of Carbonic
Acid in the Air upon the Temperature of the Groundlfrhenius’s paper was the first
reference that quantified the contribution of carlwboxide to the greenhouse effect,
starting the speculation about whether variationshe atmospheric concentration of
carbon dioxide contribute to long-term variationsiime. Today, Earth must deal with
the consequences of global climate change and sawneteet expanding energy needs
while limiting greenhouse gas emissions. The KyBtotocol to the United Nations
Framework Convention on Climate Change (UNFCCC) agreed upon in December
1997, marked an important turning point in effaispromote the use of renewable

energy worldwide.

Moreover, pressing economic and environmental facteuch as soaring crude oil
prices, global warming and diminishing oil reservesve been driving global interest in
searching for renewable energy to replace fossiksfu The use of biomass as a source
of energy was forcefully supported at the Kyoto feoence on the grounds that the
CO, produced by the combustion or processing of tmeaterials is absorbed by the
biomass sources via photosynthesis. The governnwntse main countries in the
world initiated major programs to fund the devel@miof new energy sources in
response to tightening petroleum supplies and skgting energy costs during the
“Energy Crises” of the mid- to late-1970s. In reglithese events were actually
“Petroleum Crises,” because a number of oil-ricintdes, particularly in the Middle
East, teamed together to form the oil cartel (Ogion of the Petroleum Exporting

Countries “OPEC”) and control the quantity and #fere price of petroleum.

Biomass is seen as an interesting energy sourcgef@ral reasons. The main reason is
that bioenergy can contribute to sustainable deweémt. Ethanol is one form of
renewable energy that has been receiving muchtiatterit is a sustainable energy
source and a clean-burning fuel, gives higher thérefficiency and power than
conventional gasoline. Lignocellulose is a com@akstrate composed of a mixture of
carbohydrate polymers (cellulose and hemicellulas®] lignin. These carbohydrate
polymers have to be broken down into fermentablgasi for fermentation.
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Autohydrolysis process is an easy, cheap and diegp to solubilized hemicellulose
while increasing the accessibility of cellulose émzymes producing sugars for

bioethanol production.

Biomass can be converted into useful biofuels, ®oucals, biomaterials that are co-
produced via biomass upgrading and biorefineryrieldyies. In the near future, second
generation biofuel facilities are expected to depeiowards the biorefinery concept.
The biorefinery economy is a vision for a futurenhich biorenewables replaces fossil

fuels.
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1.2 THESIS OUTLINE

The main objective of this thesis was a procesldpment for bioethanol production

based in the biorefinery concept.
The main focus areas were:

= Evaluation of autohydrolysis process as a firgh $be biomass treatment.

= Seguential use of autohydrolysis-organosolv prasegs delignification.

= Application of autohydrolysis-extracted hemicellk#oas reinforcement fot-
car/LBG polymeric matrix for biocomposite manufaetu

= Kinetic modeling of enzymatic saccharification afids pretreated with either
the autohydrolysis process and sequential autohygiseorganosolv processes.

= Evaluation of the simultaneous saccharification &@mokethanol fermentation
process by a flocculei®. cerevisiagising as substrate pretreated autohydrolysis

wheat straw.

Based on these main objectives, this thesis wasnaed in nine chapters. Chapter 2
provides an overview of the state of the art onlioeefinery concept, Chapters 3 to 8
contain the main experimental results while Chaptpresents the general conclusions

and future perspectives.

In Chapter 2, the thesis starts with an overviewethfanol as a fuel in relation to

biorefinery concept using autohydrolysis as pretneat.

In Chapter 3, the evaluation of different operatioconditions (temperature, time and
particle size) on wheat straw autohydrolysis precess studied. The effects of
operational conditions on the formation of ferméota products and inhibitors is

presented.

Chapter 4 describes the utilization of a sequeptiatess (autohydrolysis-organosolv)

for lignin extraction.
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In Chapter 5, the hemicellulose was used as aoresient fonc-car/ LBG polymeric
matrix for biocomposite manufacture. The optimiaatiand characterization of

hemicellulose extraction from autohydrolysis welsmaonsidered.

Chapter 6 shows the kinetic modeling of enzymatsccharification of either
autohydrolysis pretreated solids or solids pretreédiy a sequence of autohydrolysis-
organosolv. Also, untreated wheat straw and two ehadbstrates (Avicel and filter
paper) were studied. The yield of saccharificatighucose production, and kinetic
model profiles were discussed. The susceptibilityehzymatic saccharification was
studied.

The evaluation of simultaneous saccharification #mnokthanol fermentation by a
flocculent S. cerevisiaeusing an experimental design was evaluated. Tfextef of
enzymes loading, temperature and substrate (autolygs wheat straw) on ethanol
yield, ethanol and C£production are presented in Chapter 7.

Chapter 8 shows the scale-up of simultaneous saficaion and bioethanol

fermentation, which was performed evaluating tHeatfof stirring on ethanol yield.

Finally, Chapter 9 present the overall conclusioespmmendations and suggestions

for future work.

Process development for bioethanol production using wheat straw
biomass

Héctor A. Ruiz-Leza UNIVERSIDADE DOMINHO, 2011



CHAPTER 2

BIOETHANOL PRODUCTION AND
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ABSTRACT

The concept of a biorefinery that integrates presessand
technologies for biomass conversion demands arciestti
utilization of all components. Hydrothermal prodegsis a
potential clean technology to convert raw materisleh as
lignocellulosic materials into bioenergy (bioethBnand high
added-value chemicals. In this technology, water hagh
temperatures and pressures is applied for hydsylgsitraction
and structural modification of materials. This ctesps focused
on providing an updated overview on the fundamentzi
hydrothermal processing and its modelling, as aglseparation
and applications of the main components of ligniatssic

materials into value-added products.
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2.1 INTRODUCTION

Considering the amount of biomass available, thera clear opportunity to develop
commercial processes that could generate prodesded at very high volumes and
low selling price. Most of such products are nownggemade from non-renewable
resources, mainly through oil refineries. Thesanegfes, starting from a complex
mixture (petroleum), use a wide range of unit opens to generate an impressive
variety of products that are sold directly or tfansed into value-added products such

plastics and fibers.

Approximately 17 % of the volume of products dedvieom petroleum in the US is
classified as chemicals. If these chemicals coelaltained from renewable resources
(e.g. biomass in a biorefinery), it would reduc&r@eum dependence while also having
a positive environmental impact. In recent yeang, tise of different renewable raw
materials (lignocellulose material-LCM) has beengewing trend for different
applications and products such as energy, fuelematal, cosmetics, medical

applications, construction materials and high aelddde products for food or feed.

The term “biorefinery” borrows its origin from tleassical petroleum refinery concept
and refers to biomass conversion into fuels andnates with high added-value
through the integration of clean processes (Oct2@®9; Cherubini et al., 2010).
Several technologies have been developed duringlaste decades that allow this
conversion process to occur, the clear objectivegorow to make this process cost-

competitive in today’s markets.

Hydrothermal processing is an alternative for ttaetionation of these raw materials
(LCM). The fractionation refers to the conversidnL&M into its main constituents:
(i.e., cellulose, hemicellulose and lignin) (Prongtkal., 2011; Roesijadi et al., 2010;
Chisti, 2010). Bobleter et al. (1976) pioneeredusing water for pretreatment to
enhance the susceptibility of lignocellulosic metleto enzymatic hydrolysis. The
processes with liquid water under high temperatanel pressure are also called
autohydrolysis, hydrothermal treatment, hot comgeds water (HCW),
hydrothermolysis, liquid hot water (LHW), aguasolw®cess, aqueous processing and

Process development for bioethanol production using wheat straw
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10D Bioethanol and hydrothermal processes. The biorefinery concept

pressure-cooking in water (Ruiz et al., 2011a; Runed al., 2011; Feira et al., 2011,
Romani et al., 2010b; Ruiz et al., 2011b; Diaz let 2010; Peterson et al., 2009;
Chaogang et al., 2005; Yu and Wu, 2010; Suryawtatil.e 2009; Faga et al., 2010;
Pérez et al., 2008; Kim and Mosier, 2009; Ingranalet2011; Garrote et al., 2008a;
Well et al., 1997; Bobleter et al., 2005).

The objective of this chapter is to present an eer in bioethanol and hydrothermal
processing of lignocellulosic materials for thectranation of their main components.
The process fundamentals, mathematical modelifig¢tefof hydrothermal processing

on cellulose, hemicellulose and lignin and theplegations are reviewed.

2.2 BIOETHANOL

Ethanol, ethyl alcohol, grain alcohol, @EH,OH or ETOH is an important organic
chemical because of its unique properties, ancetbier can be widely used for various
purposes. Ethanol is a liquid that under ordinasgditions is a volatile, flammable,
clear, colorless liquid, miscible in both water arah-polar solvents. The production of
ethanol has two routes: synthetic and biologicdle Bynthetic ethanol production is
commonly carried out by a catalytic hydration dfydééne in vapor phase and often is a
by-product of certain industrial operations (Logsd®006). The ethanol produced from
this process is mostly used as a solvent (60%)chedhical intermediate (40%). The
“biological” ethanol is produced from fermentatiof sugars extracted mostly from
crops. Saccharomyces cerevisiae the most popular microorganism used for ethanol
production due to (1) its good fermentative capyaaid ethanol tolerance, allowing to
produce up to 20% (v/v) ethanol; (2) its GRAS (gaillg regarded as safe) status; (3)

its capacity to grow rapidly under anaerobic candg (Guimaraes et al., 2010).

2.2.1 FUEL PROPERTIES OF BIOETHANOL

Bioethanol can be used directly in cars designediiaon pure ethanol or blended with

gasoline to make “gasohol”. As an oxygenated conmalp ethanol provides additional
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oxygen in combustion, and hence obtains better astrdn efficiency. Bioethanol has a
higher octane number, broader flammability limitsgher flame speeds and higher
heats of vaporization than gasoline. These praserdilow for a higher compression
ratio, shorter burn time and leaner burn engineiclivliead to theoretical efficiency

advantages over gasoline in an internal combusthgme (Balat, 2007).

2.2.2 CONVERSION PROCESS OFBIOMASS TO BIOETHANOL

The bioconversion of LCM to ethanol involves a seriof processes. Biomass
undergoes pretreatment to alter the structure ainbss and enhance accessibility of
cellulose to hydrolysis enzymes (see section Z13¢.idea of performing the enzymatic
hydrolysis and fermentation simultaneously wasfpmward by Gauss et al., (1976). To
this effect, simultaneous saccharification and fartation (SSF) of pretreated
lignocellulosic feedstock is an excellent choice goocess integration. It offers certain
advantages over separate hydrolysis and fermentd&iF) in the production of
bioethanol from LCM. It should improve the ethay@ld by eliminating end-product
inhibition of cellulose hydrolysis, because the marganism can utilize the sugars for
growth and ethanol production as they are formdth(h et al., 2000). The pretreated
solid is transferred to a simultaneous sacchatiinaand fermentation vessel where
cellulose hydrolysis catalyzed by enzymes and fatai®n of glucose by
microorganisms takes place at the same time (Figure The end product, ethanol, is

distilled, purified and used as liquid fuel.

Pretreatment and SSF have become the major chedlengy cellulosic ethanol
conversion technology to date. For the past dea@densive studies have been done in
these areas to improve their performance. In pgtrent, formation of by-products
undesirably inhibits fermentative microorganismsl dowers ethanol yield. There are
high production costs associated with the coshehacals, chemical neutralization and
disposal, and investmet in corrosion resistant ggent. Moreover, incompatible
temperatures of hydrolysis and fermentation lin®FS These challenges create a need
to improve pretreatment methods and SSF designinonize formation of inhibitors
and achieve faster hydrolysis and greater ethaetd in less time. One way to improve

SSF is to employ thermotolerant yeast. Thermotateyaast enables SSF to be carried
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out at temperatures closer to optimum for enzymaétydrolysis, which improves
saccharification and increases ethanol productiiAlfani et al., 2000; Olofsson et al.,

2008; Badal et al., 2011).

SSF PROCESS

S. cerevisiae CA11 Cellulase &
@ @ B-glucosidase

Wheat straw
pretreated

Figure 2.1. Schematic representation of SSF process

2.3 HYDROTHERMAL PROCESSING OF LIGNO -

CELLULOSIC MATERIAL

Hydrothermal processing has been considered aeffestive pretreatment (Yu et al.,
2010) and in general, the major advantages thatpitucess offers are: 1) the process
does not require the addition and recovery of chalmidifferent from water, 2) limited
equipment corrosion problems, 3) simple and ecoocalmperation (Romani et al.,
2010a; Cybulska et al., 2010; Garrote et al., 199asier et al., 2005b). For that
reason, the hydrothermal processing can be comesiden environmentally friendly

fractionation process (Garrote et al., 2003a).
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Table 2.1. Composition of selected lignocellulosic materi@sdry matter)

Raw Material Cellulose (%) Hemicellulose (%)  Ligriib) References
Agricultural residues
Corn cobs 38.8-44 33-36.4 13.1-18 Lial.g2010); Wang et al. (2010)
Corn stover 34.32-36.5 20.11-31.3 11358 Weiss et al. (2010); Liu and Cheng (2010)
Wheat straw 33-40 20-33.8 15-26.8 Rui. (2011b); Talebnia et al.(2010)
Rice straw 35-36.6 16.1-22 12-14.9 étsal. (2010); Yadav et al. (2011)
Sugar cane bagasse 34.1-49 15.79 - 29.6 4-137.2 Mesa et al. (2010); Maeda et al. (2011)
Barley straw 37.5 25.1-37.1 15.8-16.9 &, (2011); Garcia-Aparicio et al. (2011)
Rice husk 33.43 20.99 18.25 Garrote et @0T20Abbas and Ansumali (2010)
Rye straw 41.1-42.1 23.8-24.4 19.5-22.9 Ingram et al. (2011); Gullon et al. (2010a)
Rapessed straw 36.59- 37 19.6 — 24.22 1555 - Diaz et al. (2010); Lu et al. (2009)
Sunflower stalks 33.8 20.2 —24.27 14.6 919. Ruiz et al. (2008); Caparr0s et al. (2008)
Sweet sorghum bagasse 41.33-45.3 22.013- 26 15.2 - 16.47 Zhang et al. (2011); Goshadrol €2@11)
Herbaceous
Switchgrass 41.2 — 32.97 2595-31.1 17.38.% Keshwani and Cheng (2009); Hu et al.(2011)
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Alfalfa stems
coastal Bermuda grass
Hardwood
Aspen
Hybrid Poplar
Eucalyptus
Eucalyptus globulus
Softwood
Pinus radiata
Spruce
Cellulose wastes
Newspapers
Recycled paper sludge
Industry co-products
Distiller’s grains

Brewer’s spent grain

24.7

25.59

43.8

48.95

44.6

44.4

453

43.8

60.3

60.8

12.63

16.8-18.8

14.7

19.29

18

21.73

21.4

21.8

225

20.8

16.4

14.2

16.9

28.4-32.3

14.9

19.33

20.8

23.25

30.1

27.7

26.8

28.83

12.4

8.4

21.7-27.8

Ai and Tschir(2010)

Waalg @010)

Tian et al. (2011)
Pan et al. @00
Gonzalez et al. (2011)

Romani et al. (2011)

Araque et al. (2008)

Shafiei et al. (2010)

Lee et al. (2010)

PendCdued (2011)

Kim et §2010)

Carvalheiro et al. (2005); Mussattal e2010)
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Ethanol

Figure 2.2 Scheme of a biorefinery using hydrothermal preicesand LCM as raw material
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Lignocellulosic materials (LCM) are the most abumdeenewable biomass and its
annual production was approximately estimated b [2lion metric tons worldwide in
2007 (Zhang et al., 2007). LCM are mainly compostdellulose, hemicellulose and
lignin and have great potential as cheap and rebolewéedstock for different

applications.

In general, LCM includes agricultural residues, blaeeous, hardwood, softwood,
cellulose wastes and industry co-products. TaldlesBows the composition of different
lignocellulose materials. The fractionation of LCikto products derived from their

structural components is an attractive possibigding to the biorefinery concept.
However, the main problem of fractionation is tkealicitrant nature of these materials.
Fractionation may be achieved through hydrotherpratessing, whose first step is

hemicellulose solubilization.

Figure 2.2 shows the scheme of a biorefinery usigdrothermal processing. The
hydrothermal procesing has been mainly used as etreptment for bioethanol
production; in recent researches, the use of aesgigili process has been applied as an
alternative of papermaking production, also ascartelogy for converting agro-food
by-products into useful food ingredients (Ruiz let 2011b; Griebl et al., 2006; Gullén
et al., 2010b; Girio et al., 2010; Vila et al., 21

2.3.1 FUNDAMENTALS AND OPERATING CONDITIONS OF HYDROTHERMA L

PROCESSING

In hydrothermal processing LCM are exposed to watehe liquid state, at elevated
temperature and pressures, that penetrates cdligtiges, hydrates cellulose,
depolymerizes hemicellulose (to oligomers and margijnbeing between 40 % and 60
% of the total biomass dissolved in the procesguffé 2.3). In water at high
temperatures (150-230 °C), the H-bonding startkemag, allowing autoionization of
water into acidic hydronium ions ¢B") that act as catalysts and basic hydroxide ions
(OH).
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in hydrothermal processing.

In the subcritical region (100-374 °C) the ionieaticonstant (Kw) of water increases
with temperature. However, when exceeding itsaaitpoint (374 °C and 22.1 MPa),
the values of dielectric constant, ionization canst(Kw) and ionic product of water
drop drastically. Moreover, hydronium ions are gated from organic acids, mainly
acetic acid from acetyl groups and uronic acid (Garet al., 1999a; He et al., 2008;
Peterson et al., 2008; Loppinet-Serani et al., 20Adller et al., 2011). Acetyl groups
are present in LCM and as they are associatedheithicellulose, the hydration of the
acetyl groups leads to the acidification of theutigand thus, formation of hydrogen
ions. A number of hypotheses have been suggesteexptain this phenomenon.
According to these considerations, in a recent whidk (2010) presented the following

model for hemicellulose solubilization in hydrothe processing.

H,0 & H* + OH™ (2.1)
H* + H,0 < H;0* (2.2)
R —POA;+H* & R —POA;*H* (2.3)
R—POA; *H* + H,0 & R — POA; * H" + HOA, (2.4)
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R—POA; *H* + H,0 & R— OH « H* + HOA.) (2.5)
HOA; & H* + 047 (2.6)
R—POH«H* & R—POH + H* (2.7)
R—OH+H* & R—O0H+H"* (2.8)

Reaction steps to solubilize hemicelluloses
R—-X,0H+H* - R—X,0H«H"* (2.9)
R—X,0H «*H* + H,0 & R — X,,0OH * H* + HX;OH (2.10)
Reaction steps to reduce the chain length insieléyldrothermal process liquor
HX,0H + H* & HX,OH + H* (2.11)
HX,OH * H* + H,0 & HX,,0H * H*+HX;0H (2.12)

where X, represents an n-xylooligomer middle group, m + $,=R- denotes the
cellulose or lignin bonded to LCM, P representegnsent of hemicellulos&]X,OH is
ann-xylooligomer,HOAc represents the acetic acid molecule Apts CH;CO.

The most important operational variables of hydeotial processing include
temperature, residence time, particle size, mastontent (ratio liquid/solid) and pH
influence on the fractionation of LCM and must keken into consideration to
maximize the product yield (i.e. hemicellulose suyg@duction, accessible surface area
for enzymatic saccharification, etc.). The relasiop between temperature-time
strongly influences the physical-chemical charasties of LCM in hydrothermal
processing. Ballesteros et al. (2002) reported rarease of hemicellulose-sugar
degradation at higher temperatures and residemss ticoncluding that at more severe
operational conditions there are more losses ofi¢edlmlosic sugar. For this reason, a
strict control is required for high temperatureatemns due to thermal degradation.

Several works showed that the products (pentoseodnygield) from hydrothermal
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processing are favored at lower reaction tempegatand longer residence times (Duff
and Murray, 1996; Kalman et al., 2002; Kara6 et2404).

Normally, when larger particle sizes are used, heahsfer problems lead to
overcooking of the exterior (with consequent forimatof inhibitors) and incomplete
autohydrolysis of the interior. This problem candwercome by reducing particle size
as the first pretreatment step. This size redugti@mtess not only changes the particle
size and shape, but also increases bulk densifytowes flow properties, increases
porosity, increases surface area and is usuallyinestjto make material handling easier
before hydrothermal processing. The higher surfacsa increases the number of
contact points for chemical reaction (Ruiz et 2011b; Brownell et al., 1986). Mosier
et al. (2005c) reported that size reduction ismemded since the lignocellulose particles
break apart when cooked in water. Ballesteros.g28D0) showed that the utilization
of very small chips of softwood in hydrothermal gegesing would not be desirable to
optimize the effectiveness of the process and ingexconomy, due to the significant
energy requirements of particle reduction processwvever, in recent work, Hosseini
and Shah (2009) reported that it is possible taavpin 50 % the energy efficiency of

pretreatment by the optimization of particle sirepgerties.

According to Ruiz et al. (2011b), the use of blendigh different particle size
distributions has a selective influence over thgasextraction: thus, the use of a blend
with defined percentages of the various partickesiis recommended before carrying
out a hydrothermal processing. Moisture content ratid liquid/solid may also greatly
influence the ability of heat and chemicalsQH) to penetrate LCM, causing an uneven
treatment of material. An uneven treatment can i@ty result in the selective
degradation of the outer portion of the LCM, whallethe same time the interior is less
affected by the treatment (Brownell et al., 198B)llis et al. (2004) reported that the
moisture content has a dramatic effect on theaffiof the hydrothermal processing as
a substantial decrease in the amount of hemicskutterived carbohydrates recovered
in the water-soluble fraction was observed wheneasing the starting moisture content
from 12 to 30 %, Rodriguez et al. (2009) showed th#s possible to obtain high
glucose, xylose, arabinose and acetic acid coratémis by combining high
temperatures with a medium-low treatment time #@nad/solid ratio.
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On the other hand, the formation of hydronium ibosn water and from organic acids
iIs an important factor during hydrothermal procegsisince the LCM and water
mixture will reach high temperatures and pressuh@sng the process. These high
temperatures and pressures will accelerate thecatadlyzed hydrolysis of cellulose and

hemicellulose as well as the acid-catalyzed de@i@daf glucose and xylose.

Monitoring and control of the pH in hydrothermalopessing will maximize the

solubilization of the hemicellulose fraction asuiid] soluble oligosaccharides while
minimizing hydronium ions concentration and, mangoortantly, the degradation of
these oligosaccharides and monosaccharides to digigna products (Mosier et al.,

2005a,b). Mosier et al. 2005a pretreated corn filsang pH controlled liquid hot water
at 160 °C and a pH value above 4.0 and found &b ®f the fiber was dissolved in 20
min. The carbohydrates dissolved by the pretreatmerere 80 % soluble

oligosaccharides and 20 % monosaccharides with%: df the carbohydrates lost to
degradation products. Cara et al. (2007) reportsligat pH decrease of hydrothermal
processing hydrolyzates, in the range of 3.8 tq &l an increase of degradation

product concentrations (furfural) from 0.4 to 1/E,gespectively.

In hydrothermal processing there are different sypereactor configurations. 1) Batch
reactor: LCM solid particles are mixed with waterthe reactor (Figure 2.4A). The
residence time of the reacting solid is long (Reizal., 2011a; Yu and Wu, 2010;
Martinez et al., 2010; Hansen et al., 2011; Bosssaat al., 2009).

In a recent work, Gullon et al. (2010a) reportedoaversion of 69.2 % from initial
xylan into xylooligosaccharides using a batch macbnfiguration at 208 °C and rye
straw as raw material; 2) Semi-continuous readtow{through, partial flow-through):
hot water is passed over a stationary bed of LCM dissolves lignocellulose
components while the liquid products are rapidlyegtvout (Figure 2.4B). The
residence time of liquid products is short, comga@ a batch reactor (Yu and Wu,
2010; Mosier et al., 2005c; Liu et al., 2005; Ingrat al., 2009; Yu and Wu, 2009;
Pronyk and Mazza, 2010). Liu and Wyman (2004) rebthat in this type of reactors
the fluid velocity in flowthrough has a significamhpact on hydrothermal processing.
Increasing fluid velocity significantly acceleratesolubilization of total mass,
hemicellulose and lignin even at the similar liquiesidence times; 3) Continuous
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reactor (co-current, counter-current): the LCM assed in one direction while water is

passed in the same or opposite direction (Figut€ D).

A continuous reactor system is also typically reggiito operate at high temperatures
and pressures to achieve a high conversion of ébdstock within a short residence
time (Yu and Wu, 2010; Mosier et al., 2005c; Ragshi et al., 2008; Saito et al., 2009;
Kumar et al.,, 2010). Makishima et al. (2009) repdr82 % conversion of xylan in
xylose and xylooligosaccharides using a continutmyg type reactor. Yu and Wu et al.
(2010) suggested that the characteristics of ligu@tucts are strongly influenced by

the reactor configuration.

(&)
(A) (B) H.0

LCM

LOM+H 0
—
e

o

(D)

l

H:0 + dissolved components

Figure 2.4.Representation of different reactor configuratitorshydrothermal processing.
(A) batch; (B) semi-continuous (flow-through reagtdC) continuous (co-current);

(D) continuous (counter-current).

2.3.2 M ODELING OF HYDROTHERMAL PROCESSING

Modeling in hydrothermal processing provides a way compare results from
experiments carried out at different conditionsbl€&2.2 shows the main mathematical
models used in both isothermal and non-isothermdidthermal processing. An often

applied option to model the effects of the mainrapenal variables by pseudo first
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order kinetics makes use of the severity facky) proposed by Overend and Chornet
(1987). This empirical model has been generallyduse correlate the effects of

operational conditions (i.e., temperature, residernne, particle size, pH) on

hemicellulose solubilization. It was initially uséd control the pulping process in the
paper industry, but it was reintroduced for conmguam of hydrothermal processing
pretreatment severities on LCM (Pedersen and M@gdi0).

Hydrothermal processing is appropriate for hemidtetle depolymerization and, for a
detailed understanding of the chemical reactiorst thccur during hydrothermal
processing. The development of kinetic models eszahldeeper insight on the several
phenomena involved and provides mathematical espumtsuitable for simulation,
optimization and design of operational strategi®mthematical models based on

pseudo-first order kinetics have been successémiployed for hydrolysis modeling.

Garrote et al. (1997b) and Gullon et al. (2010a)gssted the kinetic reaction of
hydrothermal processing using rye straw as raw madtbased on the following
considerations: 1) a small part of the glucan foact was degraded into
glucooligosacharides, which were partially hydrelgz to give glucose; 2)
hemicelluloses were partially depolymerized alowydrbthermal processing; 3) xylan
was made up of two fractions (susceptible/non-sutgde to hydrothermal processing;
the susceptible xylan fraction was hydrolyzed tosregihigh molecular weight
xylooligomers, which can be further decomposed imtov molecular weight
xylooligomers, subsequent xylose and promote deltgdrof xylose to furfural; 4)
arabinosyl and acetyl groups hydrolysis are eadéwaved from xylan; 5) uronic acid
fraction was made up of two fractions (susceptitma‘susceptible to hydrothermal
processing). Similar considerations of xylan kioetiodel were proposed by Garrote et

al. (2002) using corncob as raw material as foltows

Hemicellulose SCN oligosacharide (2.13)

Kit1 . Kit1 .
—— monosaccharides —— degradation product
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Table 2.2 Models used in hydrothermal processing

Effect Model Variables Reference
Severity factor R,, easy way for tis the reaction time (min), T is temperature (°C), Overend and
comparing results among experiments 100 is the temperature of reference and 14.74 is an
carried out under different conditions of Ro = fexp (T - 100) p empirical parameter related with activation Chornet
temperature and time. 5 14.75 energy, assuming pseudo first order kinetics. The (1987)
results are usually represented as a functiongf lo
(Ro).
H-factor HF), is a relationship between tis the time (min)T is the temperature in (°C) and Liu et al.
time and temperature, which is only an the constants are related with the activation (2010)
approximation of the reaction due to the HF = fexp (43.186 3 161151() it energy.
fact that the proton concentration 5 T

changes with time and activation energy.
The concept oHF was development for

Kraft/chemical pulping. However, also
has been applied for hydrothermal

processing Griebl et al (2006).
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Severity factorR,, in a non-isothermal
hydrothermal processing, which includes
the combination of temperature and

reaction time along heating and cooling.

Model that explains the severity factor in
function of chip size and processing time
taking into account the diffusion of

liquid into LCM.

Relationship between the severity factor
and the viscosity of slurries made from
sewage sludge during hydrothermal

processing.

logRO = lOg [RO Heating + R, Cooling]

logR,

N 1—0.5Ing
2 -
pr ( 2M@DAC )

M) = 100
t —
- f -0
w
0
tp
T'(t) — 100
J-Ldt
1)
tMAX
T-100, _
t « e ars 0P

u = 2.755x10°xRJ825°

twax (Min)is the time needed to achieve maximum Romani et al.

autohydrolysis temperaturg; (min) is the time
needed for the whole heating-cooling perid¢t)
and T'(t) stand for the temperature profiles in
heating and cooling, respectively and is an

empirical parameter.

tis the time of reaction (minY; is the temperature
(°C),
density of the fluid, ¢ is the void fraction

D, is the diffusion coefficientp is the

(porosity),r is the particle radius (mmM is the
molecular weightand AC is the concentration

gradient.

u is viscosity (Pas-s) an@R, is the severity

parameter.

(2011)

Hosseini et al.

(2009)

Yanagida
al. (2010)

et
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Model that explains the time needed for
the chips to reach the desired

temperature of wood with round or

square cross sections (1) and rectangular

cross sections (2) in hydrothermal

processing.

Model for calculating the time needed
for water diffusion into the LCM as a
function of the process and LCM
characteristics (assuming that LCM have
a porous structure) in hydrothermal

process.

Model for calculating the temperature
needed for different particle sizes.
Temperature as a function of severity
factor and radius in hydrothermal

processing.

D) t = a(Tpe)? Teer) (Tinie)*DEMT G

(2) t= a(Tht)b(Tctr)C(Tinit)d(TH)deMgGh

t is the time estimated (min) for the center reach Simpson

target temperature; Ty is the heating temperature (2006)

the initial wood temperature (°F), D is de diameter

(°F), Ty is the target center temperatuligy is

of round cross section (in)TH is the thickness of

rectangular board (in),W is the width of

rectangular board (in)M is the moisture content

%), G

is the specific gravity, a — h are the

regression coefficients.

Wherep is the density, r is the particle$ is the

porosity, D is the diffusion coefficientM is the

_ pr?(1—0.5ln9p)
~ 2M@DAC

gradient.

molecular weightand AC is the concentration

Hosseini et al.
(2010)

T, is the temperature (°C) needed for compensateHosseini et al.

the particle size increas@; is the initial LCM

R, (11\?
T, — 14.7In —(—)
R\,

temperature which can be assumed as 20r{C.

and r, are the radius (cm)R; and R, are de

severity factor.

(2010)
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In order to provide a quantitative interpretatioh xylan degradation under non-
isothermal conditions, Garrote et al. (2002) pregbs modification, where some
degradation of the slow-reacting fraction occuraethigh temperatures. Nabarlatz et al.
(2004) developed a model for the kinetics of xykdepolymerization. The model
assumes that the composition of each of the twanxfilactions in the LCM does not
change with the conversion, there is not directnftion of monomers (i.e., Xxylose,
arabinose and acetic acid), the monomers are fosolketly by depolymerization of the
oligomers and the rates of monomer formation frdigomers are independent of the
molar mass, structure and the oligomers. Carvalhatial. (2005) proposed two models
for xylan and arabinan degradation assuming thdural was formed from both
pentoses. Zhuang et al. (2009) reported the kimatideling of xylan, measuring the
oligosaccharides and monosaccharides as reducjag and the kinetic model was thus
adopted as:

Xylan L reducing sugars L) degradation product (2.14)
In a recent work Martinez et al. (2010b) proposa&tktic models for arabinan and
acetyl groups based on sequential and parallel,ersible and first-order reactions with
Arrhenius-type temperature dependence and reptiréedhe kinetic models provided a
good prediction for the data of reaction liquordlwagction of the operational conditions.
An overview about the kinetic modeling of celluldsgrolysis can be found in Zhao et
al. (2009) and Rogalinski et al. (2008) accordimgiie following reactional sequence:

Ki
Cellulose — oligosaccharides (2.15)

K. K.
—2 hexoses ——> degradation product

2.3.3 EFFECT OF HYDROTHERMAL PROCESSING ON CELLULOSE PROPE RTIES

Cellulose is the most abundant biopolymer that lmarobtained from numerous LCM
resources and there is a clear opportunity to @dgvebmmercial processes that could
generate products that are needed at very highmeduand low selling price. One
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strategy to fractionation of LCM is hydrothermabgpessing, since hemicelluloses are
depolymerized into soluble products, whereas thiedsérom hydrothermal processing
are enriched into cellulose and lignin. A variefyapplications can be visualized for
this phase from hydrothermal processing of LCM. r€nily, the most promising
approach for using LCM is enzymatic hydrolysis ¢ie tcellulose content after
pretreatment for second generation bioethanol mtomiu (See Table 2.3). Pretreatment
is required to alter the structure and chemical mpwsition due to the robustness of
LCM. Hydrothermal processing as pretreatment cawusddcalization of lignin on the
surface of LCM (Kristensen et al., 2008), thus eneyaccessibility to the LCM
structure in the pretreated material is favouredrgasing the potential of cellulose

saccharification.

Table 2.3. Production of bioethanol using hydrothermal pssieg as pretreatment under

different operational conditions and raw materials.

Raw material Temp. Time (min) Particle size  Ethanol yield Reference
(°C) (%)
Wheat straw 195 6—-12 . 89 Petersen et al. (2009)
Rice straw 180 30 250 — 420 100 Yu et al. (2010)
pum
Switchgrass 210 15 . 72 Suryawati el at.
(2009)
Eucalyptus globulus 230 . . 86.4 Romani et al.
(2010a)
Wheat straw 214 2.7 0.5-2mm 90.6 Pérez et @8R
Corn stover 195 10 . 61.2 Xu et al. (2010)
Sugar cane bagasse 220 2 . 85 Walsum et al. (1996)
Wheat straw 200 40 0.5-2mm 96 Pérez et al. (2007
Poplar nigra 240 60 2-5mm 60 Negro et al. (2003)

Moreover, physical changes that improve enzyma#tcclsarification include an

increase in pore size to enhance enzyme penetratidran increase in accessible area

Process development for bioethanol production using wheat straw
biomass

Héctor A. Ruiz-Leza UNIVERSIDADE DOMINHO, 2011



28D Bioethanol and hydrothermal processes. The biorefinery concept

that has been shown to correlate well with the exptdaility of these substrates to
enzyme saccharification using hydrothermal proogssis pretreatment (Cybulska et
al., 2010; Liu and Wyman, 2005).

Table 2.4 shows the enzymatic saccharificatiofdyising hydrothermal processing as
pretreatment at different operational conditionsl atemonstrate the ability of this

technology to make LCM accessible to enzymes. Alfigtrothermal processing the

cellulose shows a small degradation at differentpieratures > 230 °C. In a recent
work, Romani et al. (2010a) reported decreases2¥ % and 19.55 % of cellulose

present in pretreated solids at 240 °C and 250e¥pectively, defining the operational
range where partial cellulose degradation begaaki® place. According to Sakaki et al.
(2002) cellulose started to degrade in hexosesoéigdsaccharides above 230 °C and
almost all cellulose was decomposed at 295 °CetJail. (2004) reported that cellulose
hydrolyzes into glucose in 2 min at 300 °C, but tihe glucose decomposes in 30 s

under the same conditions.

Other type of solid residues which contain mainlgllidose and lignin after
hydrothermal processing are the raw material fdp pand paper marking (Garrote et al.,
2003b). Caparrés et al. (2008a) reported similaratteristics of paper sheets obtained
from sequencial hydrothermal processing and ethaumiping to those obtained by soda
pulp. Vila et al. (2011) showed the susceptibilify hydrothermally treated solids to
kraft processing pulp which provided cellulose puipith low kappa numbers, highly
susceptible to alkaline oxygen bleaching. Romaniale (2011) used the solids
(cellulose + lignin) obtained after hydrothermalogessing for delignification and
improved the enzymatic saccharification of celleloBom Eucalyptus globulus
According to Alfaro et al. (2010) the cellulose pulith hydrothermal processing
reduces kappa number, viscosity and decreases papegth. Caparrds et al. (2008b)
evaluated the solid phase obtained from hydrothlepmaessing using the organosolv
process for produced paper sheets, analyzing thesinte of operational variables on
the viscosity, tensile index, burst index, teareixdand brightness obtaining suitable

characteristics of paper sheets.
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Table 2.4. Enzymatic Saccharification of pretreated solidh \wydrothermal processing as

pretreatment.
Raw material Temp. Time Saccharification yield (%) Reference
(°C) (min)
Prairie Cord Grass 210 10 94.53 Cybulska et alL@20
Oil palm fronds 178 11.1 92.78 Goh et al. (2010)
Coastal Bermuda 150 60 67.4 Lee et al. (2009)
grass
Corn stover 190 15 69.6 Zeng et al. (2007)
Wheat straw 195 3 72 Thomsen et al. (2008)
Switchgrass 200 10 74.4 Hu and Ragauskas
(2011)
Tamarix ramosissima 200 180 88 Xiao et al. (2011)
Eucalyptus grandis 200 20 96.6 Yu et al. (2010)
Barley husks 212 . 100 Ares-Peon et al. (2011)
Eucalyptus globulus 230 97.9 Romani et al. (2010b)

2.3.4 EFFECT OF HYDROTHERMAL PROCESSING ON HEMICELLULOSE PROPERTIES

The hemicellulose is the second most abundant aotyegride in nature and is made up

of amorphous heteropolysaccharides constituting3@% of the raw LCM dry weight.

Hemicellulose consists of various structural unitgluding five-carbon (xylose and

arabinose) and six-carbon sugars (mannose, gataciglsicose), which can be

substituted with phenolic, uronic or acetyl groug$ie most abundant block of

hemicellulose in hardwoods and many agricultursidges is xylan (made up mainly of
xylose units) (Garrote et al., 2007; Kayserilioghal., 2003; Sun et al., 2005).

Hydrothermal processing is a suitable method fanibellulose depolymerization, as

under selected operational conditions hemicellut@asebe almost totally removed from
LCM (see Figure 2.3) (Vegas et al.,, 2008), beingodgosed into valuable soluble

products such as oligosaccharides, monosaccharsilgmr-decomposition products

(such as furfural or hydroxymethylfurfural) and &ceacid (from acetyl groups
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hydrolysis). Furthermore, when a xylan is subjedtethydrothermal processing under
mild temperature, high-molar mass xylo-oligosacles (XOS) and xylose are
produced, being the major products derived from ibelnlose present in the liquor
phase (Garrote et al., 2008a; Gullon et al., 200@ayalheiro et al., 2009).

Under harsh operational conditions, xylose can dteydrated to furfural, and furfural

can be converted into degradation products (Gaatoéd, 2002). Xylo-oligosaccharides
are bioactive molecules with high-added value amsehgreat prebiotic potential

making them useful as ingredients for functionadd®. From a nutritional point of

view, XOS are usually considered to be nondigestitigosaccharides (Nabarlatz et al.,
2004; Paraj6 et al., 2004; Gullon et al., 2008;v@Hreiro et al., 2004; Kabel et al.,

2002; Gullon et al., 2009).

Recently, solubilization studies of XOS from LCM hydrothermal processing have
shown the efficiency of this technology to imprawe yields of extraction. Gullon et
al. (2010a) reported a yield of 69.2 % of XOS wikpect to the initial xylan at 208 °C,
using rye straw as raw material. Nabarlatz et2007) reported 58.3 % of crude XOS
after hydrothermal processing at 179 °C for 23 masing ultrafiltration for the
purification of XOS. Carvalheiro et al. (2004) alsported a similar yield of 61 % of
XOS at 190 °C after 5 min, using brewery’s speitirgrAccording to Garrote et al.
(2008b), the hydrothermal processing in nonisotlarmaction conditions produced
23.2 g of oligosaccharides/100 g of oven-dried cobs at 202 °C. Boussarsar et al.
(2009) showed that it is possible to obtain an piatde xylose extraction yield and low
degradation of sugar monomers for 2 h at 170 °@eKet al. (2002) and Carvalheiro et
al. (2004) in previous studies for the productiérX®S by hydrothermal processing of
brewery’'s spent grain reported that several oligosaride mixtures of different
molecular weight distributions were obtained depemadn temperature and reaction

time (severity of reaction conditions).

Longer reaction times led to a decreased amoualiggsaccharides and an increase of
the concentration of monosaccharides, acetic aotdsagar decomposition products.
Montané et al. (2006) used active carbon as amalige for the purification of XOS
produced by hydrothermal processing. Vegas et 2004) used ultra- and nano-
filtration for the purification of oligosaccharideom rice husk hydrothermal
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processing liquors, reporting that it is possilerécover about 90 % of the XOS

present in hydrolysis liquors.

Different reactor configurations have been used ifoproving the recovery of
hemicellulose. According to Liu and Wyman (2004ylose yield improved from 60 to
82 % with an increase in the fluid velocity fron820 10.7 cm/min on a flowthrough
reactor using corn stover as raw material at 200aft€r 8 min residence time.
Makishima et al. (2009) found an effective recovefyhemicellulose using a tubular
type reactor at 200 °C for 10 min, 82 % of xylaacfron recovered as mixture of
xylose, XOS and higher XOS with polymerization deghigher than 10. Garrote and
Parajo (2002) reported that more than 80 % of tiitéai xylan can be removed from
wood with a conversion in XOS up to 65 % of theiatixylan in a batch reactor. Other
important point is the deacetylation of hemicelddo during the hydrothermal
processing; Garrote et al. (2001d) studied the towwse of acetyl groups’ hydrolysis
from both xylan and xylan degradation products, dheir relationship with the
concentration of acetic acid. Xylitol, a pentit@rived from xylose by reduction has
technological and biological properties, such ahtgweetening power, anticariogenic
properties and suitability for consumption by ditadtse that foster its utilization in the

food industry.

XOS produced in hydrothermal processing can be ased source of xylose for the
production of xylitol. However, these XOS cannot deectly metabolized by
microorganisms. In order to prepare fermentatiomiendor the production of xylitol
from hydrothermal processing liquors, XOS must biestf converted into
monosaccharides by either acid or enzyme catalygactions, this process providing a

way to obtain xylose solutions.

Rivas et al. (2002) used the sequence (hydrothepnogkessing — posthydrolysis) with
corncob hydrolysate and observed an increase ipritductivity and yield of xylitol in
comparison with the results obtained in a fermématedia made by the conventional
acid hydrolysis pretreatment. Duarte et al. (200#9duced xylitol and arabitol from
brewery’'s spent grain hydrolysate using the seqeiefirydrothermal processing —
posthydrolysis) byDebaryomyces hansenivithout any detoxification treatment.
Garrote et al. (2001a,c) used corncobs &odalyptus globulusas raw material in
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hydrothermal processing and concluded that gewerafi xylose solution to be used as
fermentation media through sequential stages of rdtlgdrmal processing —
posthydrolysis, shows favourable features in teahsubstrate conversion, reaction,
selectivity and low inhibitor concentration. Vazquest al. (2001) reported a
concentration of 24 g xylose/L, using the sequeffogdrothermal processing —
enzymatic posthydrolysis) with corncobs as raw megtat 175 °C for 20 min, the
advantage being that the hydrolysate after thisiesacpe is free of sugar degradation
products and the acetic acid concentration couldrdakiced, thus improving their

potential fermentability.

XOS can also be synthesized and used as thermoptastpounds for biodegradable
plastics, water-soluble films, coatings and caps({&asser et al., 2009). Glasser et al.
(2009) produced a thermoplastic from the chemicaldification of pentose-rich
oligosaccharides such as xylose. Lindblad et aD012 produced hydrogels from
hemicellulosic oligosaccharides and 2-hydroxyetlgtimacrylate. The need to replace
traditional plastics due the negative environmeirtgbact caused, has increased the
interest on the development of biodegradable paigmBolylactic acid (PLA) is a
biodegradable polymer with thermoplastic charagmoduced by polymerization of
lactic acid (which can be obtained by fermentatbrsugars derived from LCM), that
finds applications in such fields as packagingposable goods or textile fibres. Vila et
al. (2008) evaluated rice husks dadcalyptus globulugh hydrothermal processing for
the production of xylose-based culture media fastidaacid production and the
application of the fiber contained in the pretrdasolids for making PLA-based
biodegradable composites. In a recent work Gonz#&kezal. (2011a) produced
biodegradable biocomposites fro@itysus scopariusising hydrothermal processing,
obtaining a maximum concentration of oligomers ¥ Xof the initial xylan) at 215 °C
and a solid phase (cellulose + lignin) suitable aaseinforcement for PLA-based
composites, the composites showing better stiffaesgpared with pure PLA.

2.3.5 EFFECT OF HYDROTHERMAL PROCESSING ON LIGNIN PROPERTI ES

Lignin is the most abundant aromatic heterogengmigmer formed by phenolic
compounds and their precursors are three aromabba@s namely, 1p-coumaryl, 2)
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coniferyl and 3) sinapyl alcohols, which are bontiegether with over two-third being
ether bonds (C-O-C) and the rest being C-C bonks.ré&spective aromatic constituents
in the polymer are calleg-hydroxyphenyl (H), guaiacyl (G) and syringyl (She
structure of lignin suggesting that it can be aughle source of chemicals, particularly
phenolics (Ruiz et al., 2011a; Garrote et al., 20@uranov and Mazza, 2008; Pandey
and Kim, 2011; Fang et al., 2008).

Lignin is always associated with hemicelluloses, maly as physical admixtures, but
also through covalent bonds. During the hydrothérpmacessing lignin and lignin-
hemicellulose linkages can undergo degradationigbaepolymerization and profound
re-localization. Moreover, the fraction of solubdd lignin depends on the operation
conditions (severity of reactions conditions) amdtlee raw material (LCM) (Garrote et
al., 1999a; Gulldn et al., 2010b; Kristensen et2408).

Lora and Wyman (1978) and Bobleter and Concin (18ited by Garrote et al. (1999a)
and Zhang et al. (2008) suggested a two-phase misamdor lignin reaction: 1) a very
fast reaction where lignin fragments with low mailee weight and high reactivity are
solubilized by breaking lignin-carbohydrate bondw®isoluble fragments; 2) a slower
reaction where the soluble fragments react with anether by recondensantion and
lignin repolimerization, which also occurs in theegence of the organic acids liberated

in the hydrothermal processing.

Soluble lignin being aromatic and possessing mamyroophoric structural units
strongly absorbs ultraviolet (UV) light and the atimnce at either 205 or 280 nm is the
basis of several techniques for the quantitatiierdanation of soluble lignin (Chi et
al., 2009; Schmidt, 2010). The partial depolymeiaraof lignin and breaking of lignin-
hemicellulose linkages produced part of the phesopresent in the hydrothermal
processing liquors (Gullén et al., 2010b; Estevtes.e2008).

Using hardwood as raw material, Marchessault e(1#182) reported that the ether
linkages of lignin are cleaved during hydrothermpabcessing causing a decrease in
molecular weight and an increase in phenolic cdnfBnese phenolics, considered as

the by-products of LCM hydrothermal processing aneattractive source for natural
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antioxidants and might have potential applicati@ssfood additives (Garrote et al.,
2004a; Conde et al., 2011).

The extracts and compounds derived from solubleirligan be selectively extracted
from hydrothermal processing liquors with ethyl tate. This phenolic-rich extract
contains a variety of potentially valuable compaawdth antioxidant, antimicrobial
and biological activities comparable to that of thgic antioxidants (Conde et al.,
2008; Garrote et al., 2004b; Castro et al., 2088)\eral lignin-derived products have
been identified. Garrote et al. (2008a) reportewzbe, gallic and cinnamic acids in the
liquor after hydrothermal processing at 216 °C gifiarley husk as raw material. Conde
et al. (2009a) found that hydroxytyrosol, homowughil alcohol, oleuropein,
syringaldehyde, tyrosol, 3,4-dihydroxybenzaldehyaeere the major phenolic
compounds in the soluble fraction from the hydratgs of barley husks obtained by

hydrothermal processing.

In a recent work, Tsubaki et al. (2010b) used muenee as an alternative heating
source for tea residues autohydrolysis and repotted vanillin, vanillic acid,
dihydroconiferyl alcohol and guaiacol are degramatcompounds originated from
guaiacyl (G) units of lignin. In a similar way, syaldehyde, syringic acid and
sinapaldehyde were considered to be originated gynngyl (S) units of lignin. Conde
et al. (2009b) reported that gallic acid, 3,4-diloyg/benzaldehyde, vanillic acid,
syringic acid, vanillin andp-coumaric acid were the major low molecular weight
phenolics present in the refined media using bdrlesks as raw material. According to
Castro et al. (2008), the major compounds foundaetignin-derived fractions were
syringaldehyde, vanillin, 4-formyl benzoic acid gt ester, desaspidinol, syringol,
guaiacol, homosyringic acid and methoxyeugenol quéhea europeawood as raw
material. Pourali et al. (2010) used subcriticaltewaconditions and reported the
production of eleven phenolic compounds (caffegculic, gallic, gentisicp-coumaric,
p-hydroxybenzoic, protocatechuic, sinapic, syringianillic acids and vanillin) and

concluded that the content of phenolic compoundseased with the temperature.

Many beneficial effects on human health have beatrbated to simple phenolics:
oleuropein, hydroxytyrosol, caffeic acids (preventiof cardiovascular diseases);
hydroxytyrosol, tyrosol, vanillin, vanillic acid,affeic acids (prevention of tumoral
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diseases)p-coumaric acid, caffeic acid, ferulic acid (protentagainst LDL lipoprotein

oxidation); gallic acid (skin protective abilityanillin, (anti-inflammatory) (Gullén et

al., 2010b; Garrote et al., 2004a; Tripoli et @005; Kim, 2007; Jung et al., 2008;
Serzer, 2011). In regard to antioxidant activitysulbaki et al. (2008) reported the
production of polyphenols above 200 °C, obtainitngregy antioxidant activity using tea
residues as raw material and microwave heatingd€et al. (2009b) reported that the
hydrothermal-extraction process was suitable faaioing antioxidants, but the limited
mass fraction of phenolics and the values deteminfoe antioxidant activity, suggest

that further purification would result in producimproved quality.

Akpinar et al. (2010) used ultrafiltration as atealative to ethyl acetate extraction and
reported that sunflower stalk liquors had higheticaadant activity than wheat straw,
the hydrothermal processing being carried out &t°Bfor 1 h. Tsubaki et al. (2010a)
also studied the extraction of phenolic compoundsraported that antioxidant activity
increased in good correlation with the increasetha concentration of phenolic
compounds in the extracted hydrothermal procesBmgr. Garrote et al. (2003a)
reported that the antioxidant activity of ethyl tate extracts isolated froBucalyptus
globulusand corncob hydrothermal processing liquors shosvettong dependence on
the hydrothermal conditions. Moreover, Pourali &t (2010) found that phenolic
compounds could be selectively produced by temperavariations. Conde et al.
(2011) studied then vitro antioxidant capacities of the ethyl acetate extfemm
hydrothermal processing using different LCM and orggd that the antioxidant
capacities were comparable or higher than the ofes/nthetic compounds, similar
results being obtained by Castro et al. (2008)guSilea europeavood at temperatures
in the range of 190-240 °C.

On the other hand, Li and Gellerstedt (2008) regubthat the solid residues obtained
after hydrothermal processing showed improved sidukty towards delignification
with organic solvents. According to Hongzhang anglinlg (2007) the sequential
application of hydrothermal processing-organosaktneatment is an effective process
for the extraction of lignin (delignification) witteasonable yields and purity. Ruiz et al.
(2011a) evaluated delignification using the seqaertdrothermal processing-

organosolv process and concluded that the temperand time as well as chemical
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structure were variables that showed a strongenfie on lignin precipitation. Romani
et al. (2011) used the sequence hydrothermal p@wgesrganosolv process for

delignification, resulting in an improved enzymagaccharification.

2.4 CONCLUSIONS

The conversion of biomass into chemicals and ensrggsential in order to sustain our
present and future. In general, hydrothermal pingsused in LCM is the most
promising technology that can be conceived as s fitep to the fractionation and

obtention of products with high added-value acaoydo the biorefinery concept.

Depending on the operational conditions (tempeeatvesidence time, particle size,
moisture and reactor configuration), hydrothermaicpssing can cause several effects
including hemicellulose depolymerization (oligomers monomers),
alteration/degradation of lignin (phenolic composhé@nd increased availability of
cellulose. Owing to these effects, the productsaiobtd are a valuable source of
materials for the chemical, pharmaceutical, food @mergy industries.
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ABSTRACT

Hydrothermal process is an eco-friendly process$ phavides
an interesting alternative for chemical utilizatiorof
lignocellulosic materials, in which water and crogsidues
(LCM) are the only reagents. In this work the efffeC process
conditions (size distribution of the wheat stra@mperature and
time) was evaluated against production of fermdatpboducts.
The use of milled wheat straw (WS) fractions aaw material
containing blends of different particle size distition showed
an influence on the final sugars composition inhigdrolysate.
The improved values of glucose (21.1%) and xylogsdy
(49.32%) present in the hydrolysate were obtaineith w
treatment’s severity factor of 2.77 and 3.36, respely.
Mathematical models were developed aiming at astaby the
effect of process conditions on monosaccharide exnation
and its degradation in the liquor. This work shaksat the use of
wheat straw blends with various sizes has a sianti effect on
the extraction of fermentable products. The effgfctreatment
severity, which takes into account both procesdinge and
temperature was also evaluated. These results fatgnmst

importance for process design.
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Chapter 3 &3

3.1 INTRODUCTION

Lignocellulosic materials (LCM) are vegetal biomassainly made up of cellulose,
hemicelluloses and lignin. Such materials are rexidsy costless and could be used as a
source to produce fuel ethanol (Ruzene et al., 2068ecent years, there has been an
intensive use of lignocellulosic materials such hasdwoods Eucalyptus globulus,
white birch, hybrid poplar), softwood$ifus banksianfir, red fir) and agricultural
residues (corn cobs, wheat straw, rice straw, stalks, barley straw) (Garrote et al.,
1999). Agriculture and forest product’s industr@®vide a wide range of materials
used e.g. as shelter, packaging, clothing, andsfueleaning that lignocellulosic
materials can have different applications. For examsugar cane bagasse is used as
fuel and animal feed, and wheat straw can be u$leer én construction or in the paper
industry. Other forms of biomass are deliberatebdified from one energy form into
another, for example, wood to charcoal, dung taydsoand fertilizer, and sugar to
ethanol. Thus, it may be important to measure @@ biomass and the separation of
its main components (cellulose, hemicellulose dagdin) as they are an actual and
potential energy source (Calle, 2007; Chum, 20Attually, this concept is called
biorefinery, i.e. co-production of transportatiorofbels, bioenergy and marketable
chemicals from renewable biomass (Cherubini andalti)@010).

Wheat straw (WS), as an agricultural residue, is ofithe most abundant biomass
sources in the world (Ergudenler and Ghaly, 1998¢ Straw yield depends on the
specific wheat varieties harvested and climati¢doia; an average ratio of 1.3 kg of
straw per kg of grain is found for the most commamieties (Montane et al, 1998;
Peterson, 1987).

The purpose of the pretreatment of LCM to fermeletgdvoducts is to remove lignin
and hemicellulose, disrupt the crystalline struetwf cellulose, and increase the
porosity of the materials, so that enzymes canlyeascess and hydrolyse cellulose.
Pretreatment of raw material is perhaps the mastialr single step as it has a large
impact in an all the other steps in the procegs, enzymatic hydrolysis (namely, in
terms of digestibility of the cellulose), fermembat (toxicity) and downstream

processing (including energy demand). The pretreatnmust meet the following
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requirements: 1) improve the formation of sugara®2pid the degradation or loss of
carbohydrates, 3) avoid the formation of inhibitbgyproducts and 4) have low capital
and operational costs (Kumar et al., 2009; Sch&®€7; Sun et al., 2002).

Among the existing hydrolysis techniques, hydratier process (autohydrolysis)
consists of heating LCM with water at high rangdstemperatures (150-230 °C),
undergoing hydrolysis reactions in the presencéhefhydronium ions generated by
water autoionization, which act as catalyst (Garret al., 2001; Targonsky, 1985).
Because the bonds of hemicelluloses are the meseptible ones, autohydrolysis has
been considered as a cost-effective method forgatg LCM. In fact, no chemicals
different from water are necessary and hemiceledosan be converted into

hemicellulosic material sugar at good yields wdtv lby-products generation.

Comparing specifically with acid hydrolysis, thet@uwydrolysis induces a low by-
product generation, high pentosan recovery, limggdipment corrosion problems, and
reduced operational costs since further neutr&zatan be omitted-or that reason,
the hydrothermal process can be considered ascafriendly fractionation technology,
leading to the separation of hemicelluloses froerdmaining structural components of
the feedstock (Carvalheiro et al., 2009; Péred.eR@07; Sreenath et al., 1999; Vegas
et al., 2008; Walsum et al., 1996; Yu et al., 2010)

The most important variables in hydrothermal preess are residence time,
temperature, particle size and moisture contentnidfly, when larger chips are used,
heat transfer problems lead to overcooking of titereor (with associated formation of
inhibitors) and incomplete autohydrolysis of theenor (Brownell et al., 1984;
Drzymala et al., 1993; Duff et al., 1996). This lgeom can be overcome by reducing
particle size before the application of the prdtremnt. This size reduction process not
only changes the particle size and shape, butiadseases bulk density, improves flow
properties, increases porosity, and generates ngace area. This higher surface area
increases the number of contact points for chemieattion (Drzymala et al., 1993;
Schell et al., 1994) Most of the literature deaihhwaw materials featuring a unimodal
particle size distribution, thus leaving behind #ik other fractions resulting from

milling.
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However, from an operational point of view, raw erals are one of the most
expensive incomes in the process; therefore stemtet® use of all the disposable
materials obtained after milling are needed. Dutimg pretreatment, and depending on
the operational conditions of the hydrothermal pes; polysaccharides (mainly
hemicelluloses) are depolymerized to oligomers mwthomers, and the correspondent
sugar (pentoses and hexoses) can be dehydratadumf and hydroxymethylfurfural

(HMF) (Quintas et al., 2007) Such degradation potsluwill impair further

fermentation and thus, ethanol production. Henkermal degradation of monomers

must be minimized during pretreatment.

This chapter aims at evaluating the effect of pktsize distribution of milled WS and
hydrothermal pretreatment conditions on the feraiglet products obtained from it. To
achieve this goal, a*3actorial design considering different WS blengisicessing time

and temperature was applied. The resulting mona@nsmars in the liquor obtained

were analyzed.

3.2 EXPERIMENTAL PROCEDURES

3.2.1 RAW MATERIAL

Figure 3.1 shows the whole diagram for the milleatenal process. Wheat straw was
supplied by a local farmer (Elvas, Portugal). Thrawe was cut into small chips (1-5
mm) and milled using a laboratory knife mill (Cagi Mill SM 2000, Retsch,
Germany). Aliquots from the homogenized WS lot were subjected moisture
determination (drying at 105 °C to constant weighApproximately, 2 g of ground WS
were treated with 10 mL of 72% (w/w)80Q,, stirring for 7 min at 45 °C. The reaction
was interrupted by adding 50 mL of distilled wated the mixture was then transferred
to a 500 mL Erlenmeyer flask and the volume brough®75 mL. The flask was
autoclaved for 30 min at 121 °C for complete hygsd of oligomers. The mixture was

filtered and the hydrolysate brought to 500 mL.
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Figure 3.1 Schematic diagram for preparation of milled whstedw and blends of different particle sizes.
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The hydrolysate was analyzed by HPLC with a Meta@aH (300 x 7.8 mm) column
at 45 °C using a Jasco chromatograph with refraghdex detector; the mobile phase
was 0.005 mol/L K50, at a flow rate of 0.6 mL/min. The samples werelyzea for
glucan, xylan, arabinan and acetyl groups. Sugacemrations reported as xylan and
glucan were determined using calibration curvesusé compounds. The solid obtained
in the filtration after hydrolysis was oven-drietidaweighted. The obtained mass
corresponded to the residual lignin (Klason ligniand the soluble lignin was
determined by spectroscopy at 280 oc¢ha, 2000Ruzeneet al., 2008)

The milled material, under conditions usually apglin experiments of hydrolysis (0.9
mm), and its residues were initially separated ind@tion: > 1.0 mm (mesh 18), 1.0-
0.5 mm (mesh 35), 0.5-0.3 mm (mesh 50) and < 0.3(bamis) using a portable sieve
shaker (Model Analysette, Fritsch, Germany). Thieaetions were mixed in different

proportions to achieve mixtures with different mexamticle sizes (Table 3.1 and Figure
3.1).

Table 3.1 Size distribution blends (B1, B2 and B3) of wihsteaw (w/w %)

Wheat Straw Size Distribution (Frequency)

Particle Size (mm) Bl B2 B3
>1 0.25 0.1 0.1
1-05 0.25 0.1 04
0.5-0.3 0.25 0.4 0.4
<0.3 0.25 0.4 0.1
Mean Size (mm) 0.488 0.330 0.435
Size Variance (mA) 0.103 0.061 0.049

3.2.2 HYDROTHERMAL PROCESS

Hydrothermal processing was performed in 160 mlaltotolume stainless steel

cylinders reactors, submerged in an oil bath opeatihg circulator (JULABO
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Labortechnik GmbH, Seelbach, Germany) with PID terajure control under different

operating conditions. Blends with different sizetdbution (Table 1) were processed.

Temperature and residence time were chosen basedalaes normally used for
hydrolysis of other lignocellulosic materials. Rbis, water was added to samples of
WS blends in a solid:liquid ratio of 1:10 (g:mL) anclosed and pressurized vessel. The
moisture content of WS was considered as watdramtass balances.

The reactor was heated following the different afien conditions established by the
factorial design (see Statistical Procedures sectidt the end of the desired reaction
time, the reactor was removed from oil bath and @diately immersed in an ice bath to
quench the reaction. The solid and liquid were s&dpd via vacuum filtration. The
effects of time and temperature on WS were intéedrbased on the severity parameter
log Ry (Overend et al., 1987). Two true replicates of eaqteriment were carried out.

o ] T-100) (3.1)
O_Iexz’( 14.75 ) t
0

3.2.3 CHEMICAL CHARACTERIZATION OF LIQUORS FROM

HYDROTHERMAL PROCESS

Hydrolysate samples were analyzed by HPLC usingszal chromatograph 880-PU
intelligent pump (Jasco, Tokyo, Japan). Glucosdpseg, arabinose and acetic acid
concentrations were determined with a refractivdein (RI) detector and a MetaCarb
87H (300 x 7.8 mm) column at 60 °C, using 0.005/mBLSO, as eluent at 0.7 mL/min
flow rate. Furfural and hydroxymethylfurfural werdetermined using a Jasco
chromatograph 2080-PU intelligent pur@asco, Tokyo, Japan) equippsdh a Jasco
2070-UV intelligent UV-VIS detectaofJasco, Tokyo, Japan) 276 nm an@ Jasco AS-
2057 Plus intelligent auto sampler (Jasco, Tokgpad)with a CC 250/4 6 Nucleosil
120-5 Gg column (Macherey-NagelDuren, Germany at room temperature, using
acetonitrile-water in a ratio 1:8 (v/v) containid@ g/L acetic acid as the eluent, at a
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flow rate of 0.9 mlmin. All samples were filtered through 0.4 membranes before

analysis (Mussatto and Roberto, 2006).

3.2.4 STATISTICAL PROCEDURES

Experiments were conducted following ad&sign (Boxet al., 1978t three residence
times (10, 30 and 60 min), three processing tentpes (160, 180 and00 °C)using
three blends with different particle size distribos (see size distribution
characterization in Table 3.I'he experimental design can be seenTable 3.3
together with resultsResults were analysed using Experimental Desighkgug of
STATISTICAD v 6.0 (Statsoft, Tulsa, OK, USA). Models were proposed based on
ANOVA for selecting significant variables and irdetions p < 0.05). The coefficient

of determination K?), residuals’ histogram and the 95% Standard Eobrthe
parameters (SE) were obtained directly from thewsok and used as statistical

indicators for the models.

3.3 RESULTS & DISCUSSION

3.3.1 RAW MATERIAL COMPOSITION

WS composition varies depending on plant variety eunture conditions. The chemical

composition of the WS samples tested in this wenresented in Table 3.2

WS moisture content was 8%. The lignocellulosicamats present in higher amounts
were cellulose with 37.4% (estimated as glucan estptfollowed by hemicellulose

with 33.8% and lignin representing 26.8% of dry giei Hemicellulose fraction was

mainly composed of xylose (29.4%), arabinose (1.8%@ acetyl groups (2.5%). This
chemical composition is in good agreement with ottedues found in the literature for
this feedstock material (Bjerre et al., 2000; Lirdel., 2008; Zimbardi et al., 1999).
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Table 3.2Composition of wheat straw (% of dry weight).

Components Composition (%)

Cellulose” 37.4

Hemicellulose 33.8
Xylan 29.4
Arabinan 1.9
Acetyl group 25
Total Lignin 26.8
Soluble Lignin 7.4
Klason Lignin 19.4
Ash 1.6

*Measured as glucan

3.3.2 EFFECT OF THE HYDROTHERMAL PROCESS ON LIQUOR

COMPOSITION

The different blends of WS (Table 3.1) were sulgdcto different conditions of
pretreatment and sugars obtained for each hydtelysa presented in Table 3.3. It can
be observed that the formation of these compouidied for each set of hydrolysis
conditions employed and for the different WS bleteiged. The highest glucose vyield
found was 21.1% corresponding to a severity faByor 2.77 (160 °C, 10 min), for B3
blend. For xylose, the highest yield was 49.32%easponding to a hydrolysis treatment
with a severity factoR, of 3.36 (180 °C, 10 min) for blend B2. For arals@dhe
highest yield observed was 14.48% correspondiraggeverity factoR, = 3.94 (200 °C,
10 min) for B1. The effect of hydrothermal treatrhean be evaluated by the total sugar
present in the obtained liquor and the solid y@leéach treatment (Figure 3.2 A and B,

respectively).
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Table 3.3Composition (% molar) of the liquors obtained frogdrothermal

process of wheat straw.

Temperature time

Log (Ry) Blend

Molar percentages

(°C) (min) Glucose Xylose Arabinose
B1 19.0#0.57 47.360.90 8.50.66
10 277 B2 17.2°#0.59 46.240.90 6.4%0.02
B3 21.13:0.46 48.020.55 6.880.80
B1 16.66:0.39 41.250.44 4.960.11
160 30 3.24 B2 17.76:0.25 41.631.96 6.141.15
B3 16.06t0.19 39.430.59 5.830.73
B1 11.9Gt1.01 36.125.5 7.2%4.19
60 3.54 B2 11.32£0.28 24.7%1.45 11.720.60
B3 11.1#0.25 24.130.79 10.160.10
B1 20.650.66 46.5%2.61 7.990.94
10 3.36 B2 20.430.66 49.321.58 7.2@2.46
B3 18.5t0.28 43.4%#2.11 7.230.27
B1 12.5+1.16 32.1%3.56 8.2%0.34
180 30 3.83 B2 9.33t0.21 24.940.40 14.4%1.03
B3 11.2#1.63 30.6%3.51 10.020.21
B1 3.56t+0.34 12.820.49 11.530.43
60 4.13 B2 3.78:0.47 13.020.40 13.6%1.5
B3 4.99+0.40 15.231.17 13.42.58
B1 12.96:0.13 6.820.21 14.480.04
10 3.94 B2 8.61+1.09 25.420.56 3.130.21
B3 17.882.32 38.841.81 5.80.28
B1 2.6+0.0.3 2.250.08 3.420.05
200 30 4.42 B2 3.43:0.22 17.040.35 13.120.06
B3 3.62+0.85 15.920.24 9.7%#0.97
B1 0.61+0.00 1.450.07 0.930.05
60 4.72 B2 0.84+0.17 10.060.29 0.320.00
B3 0.62+0.07 10.3@0.19 0.280.00
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Regarding total sugar present in the liquor, ressittow that severity treatments higher
than 4.13 led to an increased sugar extractio®{0.26 mol/L). On the contrary, lower
severities led to poor release of sugars. Simigdwalsior has been reported by (Liavoga
et al., 2007), where highest sugar production whtioed with higher severity
treatments As for solid residue yield, Figure 3.2B shows tliat the less severe
conditions Ry < 3.94), the solid solubilization that occurred wasy low. For higher

severity treatments, a lower solid yield was ol#dir- e.g. around 55 % of original
material was solubilized as a consequence of @tetient with the severity factor of log
Ro = 4.72. This decrease could be correlated to thébsiaation of sugars, principally

hemicellulose. These results are in a good agreeméth previous reports.

(Carvalheiro et al., 1999; Perez et al., 2008).

A) B)
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Figure 3.2.Effect of hydrothermal process in the sum of sugartents and solid yield present
in the liquor. A) Sum of sugar contents; B) Solietld: B1 (®); B2 (O) and B3 A\). The

arrows represent main trends.

For better evaluating the effect of treatment sevemnd type of straw blend, molar
percentages of xylose, arabinose and glucose inligjuers were also estimated.
Moreover, the molar percentages of these sugarm#halegradation products (acetic
acid, hydroxymethylfurfural (HMF), and furfural) wee quantified (Figure 3.3). From
these results, it can be observed that differenergy factors lead to different

compositions of the liquor.
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Figur e 3.3 Relationship between severity parameters and molar percentage of hydrolysed
sugars and the respective degradation products: A) Xylose; B) Arabinose; C) Glucose; D)
Acetic acid, E) Hydroxymethylfurfural (HMF), and F) Furfura. Wheat straw blends: B1 (®);
B2 (O) and B3 (A). The arrows represent main trends.
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In terms of sugars composition, it can be seenxilase and glucose are degraded for
higher severity treatments (Figure 3.3A and B), ighe arabinose seems to be more
resistant to heat degradation (Figure 3.3C). As tfer degradation products, the
intensity of the heat treatment has a more importate on HMF and furfural
production (Figure 3.3E and F) than on the fornmatid weak acids (here assessed in
terms of acetic acid (%)), (Figure 3.30he formation of HMF was enhanced at higher
process severity (loB, = 4.72) and was largely consistent with the deamsitjpn of
glucose. Furfural production achieved the maximun2@0 °C for 60 min. A high
temperature and/or prolonged heating resultedlassof xylose or arabinose, probably
because it was converted to furfural or it reactetth peptide amino groups to give
Maillard browning products that resulted in a daddor and a burnt-sugar odor
(Liavogaet al., 2007)A similar effect of temperature on HMF and furfufafmation
has been reported (Carvalheigd al., 2009).The production of acetic acid was not
affected by treatments severity, this can be pdbrtexplained by the lower acetyl

groups content of WS.

For every tested treatment condition it can alsolimerved that the main sugar fraction
in the liquor is xylose and lower quantities of @dge are observed; this is because the
glucan remained in the solid phase and only a spaall of it was depolymerized to
glucose (Carvalheiret al., 2009)When using autohydrolysis, the hydrolysate reported
by (Carvalheiroet al., 2009)contained 0.255, 0.1, 0.066,584, 0.017, and 0.15%h
molar % for xylose, arabinose, glucose, acetic,addlF and furfural. The severity
factors used in that work varied between 3.96 aB8.4These results are in agreement
with the sugars contents obtained in the presemk \{gee Table3.3. These results
contrast with the obtained for the other materad® using hot-compressed water (Yu
et al., 2010).

3.3.3 EVALUATION OF PROCESS CONDITIONS : PARTICLE SIZE, TIME AND

TEMPERATURE

Hydrothermal process of WS aims at two differentd acompeting objectives:

maximizing the extraction of sugar monomers (whiah be assessed by the release of
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glucose, xylose and arabinose into the liquor) mmdmizing the degradation of these
monosaccharides. These response variables whedeedtdior different operation
conditions (temperature and time) in WS blends wifferent particle size distributions

(evaluated by the variance of the distribution, €ahll).

The extraction of sugars, evaluated by the sumufoge, xylose and arabinose molar
concentrations in the liquor, was significantly emfled by processing time and
temperature and by the variance of WS particle §52é significance level). These

effects can be described by the following model:

Sumof sugars =a+ (b-Var)+ (c-t)+ (d-Var-T) (3.2)
+(eVar-t)+(f-T-t)

WhereVar is the variance of size distribution of the bleifasf); t is residence time

(min); T is temperature (°C#, b, c, d, e anddre estimated parameters.

Table 3.4 shows the estimated parameters (x 95%denice level error) and regression
evaluation on the basis of adjusf®dand histogram of residuals. The positive value of
estimate of theb parameter may indicate that blends with highee siistribution
variance, i.e. higher heterogeneity of particleesjzfavour sugars extraction. As for
processing time, it has a negative effect onsin@ of sugargc <0). However, this is
probably due to the fact that longer treatmentd keafurther sugar degradation and is
not directly related with hemicellulose extractiomhe same hypothesis can be
supported for the estimates of time and temperatieeactions with the type of blend

used ¢l ande parameters).

Percentage of glucose and xylose in the liquorimportant parameters since higher
degradation of these sugars may impair the usegudd for fermentation purposes.

Results show that both % glucose and % xylose wiyeificantly affected by both

temperature and time of processing and not by idtalzlition of particle size.

%glucose =a' + (b"-T) + (¢’ -t) + (d' - t?) (3.3)
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%xylose =a"" + (b"-T)+ (c" - t) (3.4)

Wheret is residence time (min}; is temperature (°Cg’, b’, ¢, d’, a”, b” and ¢” are

estimated parameters.

Table 3.4 Estimated parameters and regression evaluatidimeobasis of adjusted R2 and

histogram residuals of the hydrothermal procesisnigstion.

Dependent Estimated + 95%
. R ag Histogram of residuals

Variable parameter Confidence Error

o Rs:id'ual=ﬂ+ﬂﬂflm1ﬂf b a 0-009151 0-006191

b 0511205 0.265915

0.63 3

sugars : d  -0.003031 0.001404

e  -0.002140 0.002117

f  0.000008 0.000003

a 0675711 0.077842

b -0.002531 0.000411

% Glucose ~ 0.87 ¢, ¢ -0.005004 0.001742

d  0.000037 0.000024

a" 1528142 0.216403

% Xylose ~ 0.79 £ b"  -0.006129 0.001185

c"  -0.004466 0.000941

Deviation
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Results show that the amount of glucose in theoliquas greatly affected by heat
treatment, making the type of blend used non-sicamt. This observation is supported
by the negative values bf andc’ parameters estimates (Table 3.4). The percentage
xylose was the main component in the liquor obthifoe every tested treatment (Table
3.3). However, processing time and temperature sitpaificantly affected this sugar,

while no effect of the type of blend was observEable 3.4).

These results show that although the type of bleaslan influence on sugar extraction
from the WS, it has no effect on the thermal degtiad of these compounds once they
are free on the syrup. Also, such results are @inlie that thermal degradation occurs
when these sugars are in the liquor and not dutegextraction process. Such fact
makes the use of milled WS blends with high hetenedgty of particle sizes even more
interesting, since it may lead to higher sugar astion, thus compensating the

unavoidable sugar degradation due to the heatrigst

3.4 CONCLUSIONS

In this work, the effect of using milled WS blenofsdifferent particle size distributions
on sugar monomers extraction and obtainment of datable products was studied.
Results showed that although variance of the siggiltltion does not affect sugar
degradation in the liquor, it has a selective iaflce over the extraction of the sum of
total sugar (glucose, xylose and arabinose). Tihesn be established that the use of a
blend with defined percentages of the various sdofegarticles (preferably with high
size variability) is an important parameter to befimkd before carrying out a
pretreatment. These results can contribute to impgototal monosaccharide recovery

for treatments of the same severity.
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ABSTRACT

The present work describes the delignification dfeat straw
through an environmentally friendly process resgltifrom
sequential application of autohydrolysis and orgaho
processes. Wheat straw autohydrolysis was perfoahé80 °C
during 30 min with a liquid-solid ratio of 10 (v/wjinder these
conditions, a solubilization of 44 % of the oridinaylan
obtained, with 78% of sugars as xylooligosaccharmfehe sum
of sugars solubilized in the autohydrolysis liqugenerated by
the hemicellulose fraction hydrolysis. The corresping solid
fraction with 63.7 % of glucan and 7.55 % of resildxylan was
treated with a 40 % ethanol and 0.1 % NaOH aqusoligion
at a liquid-solid ratio of 10 (v/w), being the bessults obtained
at 180 °C during 20 min. The highest lignin recgy@eneasured
by acid precipitation of the extracted lignin, waa25 g/100 mL.
The lignin obtained by precipitation was characiedi by FTIR,
and the crystallinity indexes from the native celge, the
cellulose recovered after autohydrolysis and thdulose
obtained after applying the organosolv process wbtained by
X-ray diffraction, values of 21.32, 55.17 and 53.%®9 being
obtained. Visualization of the fibers was done il the

processing steps using Scanning Electron Microscopy
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4.1 INTRODUCTION

In recent years, lignocellulosic materials (LCM)vlabecome an interesting raw
material for ethanol production, for chemical, paggharmaceutical and biomaterials
industries. The efficient separation of LCM mair@mponents is one of the major
obstacles for its utilization as renewable resou@enversion of LCM into chemicals

requires the development of commercially viablehtexdogies that allow efficient and

clean fractionation into its components (Hongzhang Liying, 2007; Turley, 2008)

that will be further transformed into high valuedad products according to the so-
called “biorefinery” concept. In order to become vable alternative to e.g. a
petrochemical refinery, a biorefinery must be cotitipe and cost effective (Pan et al.,
2006).

Wheat straw is one of the most abundant agricdltesadue which is generated in huge
quantities around the world every year. Althouglawstyield depends on the specific
varieties harvested and is widely affected by agnaio and climatic factors, an average
ratio of 1.3 kg of straw per kg of grain is foundr fthe most common varieties,
representing around 611 millions tons of wheat dwitle in 2007 (Montane et al.,
1998; Peterson, 1988) these amounts are signifesanigh to consider wheat straw as a

complementary source of raw material.

Lignin is the most abundant aromatic heterogengmlgmer, formed by phenolic

compounds, and its characteristics structure depemdhe extractive method and the
plant source. Lignin is made up of three precurswass-coniferyl, trans-sinapyl and
trans-pcoumaryl alcohols. Gymnosperm lignins shosdpminance of guaiacyl groups,
angiosperms lignins contain guaiacyl-syringyl gw@nd lignins from grasses contain
guaiacyl-syringyl-p-hydroxyphenyl groups (Garroteak, 2004). Lignin is an essential
component of higher plants and has a very complaictsre whose function is to

provide rigidity and cohesion to the material aedlll, to confer water-impermeability

to xylem vessels, and resistance physic-chemicastesce against microbial attack
(Brunow, 2006; Fengel and Wegener, 1989)
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The chemical separation of lignin from celluloses Ih@en termed “delignification” and
is a complex processes. Industrially, lignin isrfdwuring the process of papermaking
from wood and commercial lignin is divided into tveategories. The first category
comprises conventional or sulfur-containing lignimghich include Kraft lignin and
lignosulfonates; these products have been avaifabl@many years. Nowadays, lignin in
amounts larger than 70 million tonnes per yearaslpced by kraft process worldwide.
However, the major disadvantages of the kraft gedeclude the low pulp yield, the
high consumption of bleaching chemicals to obtaight pulp, formation of odorous
gases (Sjodahl, 2006). From that amount 99 % amat lou chemical recovery furnaces
and, consequently, not recovered for industrialliepions (Brunow, 2006; Mansouri
and Salvado, 2006).

The second category comprises non-sulfur ligningaiobd from many different
processes, most of which are not yet commerciatiglemented: organosolv lignins,
soda lignins, steam explosion lignins, hydrolysignihs (mainly from biofuel
production), and oxygen delignification lignins. mdst all lignins extracted from
lignocellulosic materials from the pulp and papedustry are burned to generate

energy, only a small amount (1-2 %) is commerciadgd in a wide range of products.

On the other hand, an alternative for the pulpingcesses utilizing aqueous organic
solvents, known as organosolv, has been studidtkifast 30 years as an alternative to
conventional chemical processes of pulping (Azi98% Garrote et al., 2003;
Goncalves and Ruzene, 2001; Goncalves and Ruz€@8; Kleinert, 1974; Mansouri
and Salvado, 2006; Pan et al., 2005). The organgsotess was developed by General
Electric Company in the 1970s to make a clean kiofior turbine generators.
Consequently the Canadian pulp and paper industiryredifications to the process
resulting in the Alcell pulping process and difigrelemonstration plants have been
developed. Actually, the organosolv process hasn bdeveloped as part of a
commercial lignocelluloses biorefinery technologytn as the Lignol process. Lignol
is a pilot plant that allows for the obtention efveral high-value products with a cost-
effective process in which solvents were recovesiad recycled at the end of the
process (Arato et al., 2005; Muurinen, 2000; Paald.e2005).
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Organosolv (organic solvent-based) pulping is amrenmentally friendly chemical
pulping method compared with the kraft and sulppitecesses, in which delignification
of biomass (usually wood) is performed by an orgalvent (frequently ethanol) or
solvent plus water system (Azis and Sarkanen, 1988ng and Akhtar, 1998; Ziaie
and Mohammadi, 2007) which involves treating the taCM at temperatures in the
range of 180 — 200 °C. During the organosolv precie lignin structure is broken into
smaller parts and dissolved from the raw matenal separated in the form of a liquor
rich in phenolic compounds that represent the m®affluent (Young and Akhtar,
1998; Ziaie and Mohammadi, 2007).

This lignin can be isolated and has the advantageing a product relatively pure with
excellent properties which may be used as precursdhe production of various
commercial products such as: vanillin, syringaldihyphenol, benzene and substituted
phenols, dispersants, emulsifiers and chelantingnigg antioxidants, pesticides,
fertilizers, vegetal charcoal, polymers, adhesiv@s)crete additives, components for
resins, animal vitamin supplements, among othematfAet al., 2005; Fengel and
Wegener, 1989; Pan et al., 2005; Young and AkHt88; Ziaie and Mohammadi,
2007).

The main advantages reported for organosolv proeessa) can be economically
operated at a smaller scale than the kraft prodgssignificantly lower environmental
impact (no sulfur-containing substances), c¢) cauged with any type of woody and
nonwoody raw material, d) the properties of theulteésy pulp are similar to those of
kraft pulp, with a higher extraction yield althougtlith a lower lignin content, e) the
production of by-products of potentially signifitatommercial interest, f) the pulp is
whiter and more readily bleached than kraft pulpich saves bleaching reagents, g) the
pulp is easier to beat, h) the presence of orgammgpounds in the liquors reduces their
viscosity, thus, improving both their handling aihe penetration of the impregnation
chemicals into the chips, i) the solvents can fieieftly recovered, j) the process uses
less water, energy and reagents than traditionednaltives, k) raw materials are more
efficiently used (virtually the whole mass can Isedi for some purpose) (Gaegulak and
Lebo, 2000; Garrote et al., 2003; Gilarrahz etl#98; Jimenez et al., 2001; Young and
Akhtar, 1998).
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Additionally, the presence of lignin is known taluee the efficiency and is one of the
major barriers in enzymatic hydrolysis; the othdrepomena is the adsorption of
cellulases onto lignin is believed to be due torbptiobic and different interactions
lignin-enzyme. Thus, the increased removal of hgoould be advantageous compared
with other pretreatments and it has been shown ttiatsolid fiber remaining with
residual lignin is highly susceptible to cellulobgdrolysis, the extent of cellulose
saccharification being greater than 90 % of thémaktmaximum and decreasing
enzyme losses, when the organosolv process is (@adn et al., 1990; Jgrgensen et
al., 2007; Lora, 1992; Zhao et al., 2009).

The aim of this section was to develop and charaetean environmentally friendly
process sequence, involving autohydrolysis andrmgglv process for delignification

of wheat straw. Extracted lignin was further chéggzed following acid precipitation

4.2 EXPERIMENTAL PROCEDURES

4.2.1 RAW MATERIAL

Wheat straw was kindly provided by a local farmiewés, Portugal). The wheat straw
was cut into small pieces (1-3 cm). Samples werdedito pass a 0.5 mm screen.
Aliquots from the homogenized wheat straw lot wesebjected to moisture

determination (drying at 105 °C to constant weigiryl quantitative acid hydrolysis
with 5 mL of 72% (w/w) sulfuric acid for an hour lkmved by quantitative

posthydrolysis with 4 % sulfuric acid (adding watetil 148.67 g) at 121 °C during 60
min. Before HPLC analysis, the solid residue fromstpydrolysis process was
recovered by filtration and considered as Klasaygnifti (Browning, 1967). The

monosaccharides sugars and acetic acid containkgdiolysates were determined by
HPLC in order to estimate the contents of samptegallulose (as glucan), xylan,
arabinan and acetyl groups. The moisture of wheatvsvas considered as water in the
material balances. Chromatographic separation wa®mmed using a Metacarb 87H

column (300 x 7.8 mm, Varian, USA) under the foliogv conditions: mobile phase
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0.005 mol/1 sulfuric acid, flow rate 0.7 mL/min,dacolumn temperature 60 °C using a
Jasco chromatograph 880-PU intelligent pump (JaBokyo, Japan) equipped with a
Jasco 830-IR intelligent refraction-index dete¢ttasco, Tokyo, Japan) and a Jasco AS-

2057 Plus intelligent auto sampler (Jasco, Tokgpad). The volume injected was 20

pl.

4.2.2 AUTOHYDROLYSIS PROCESS

Milled wheat straw samples with a particle sizardstion (w/w %) was (> 1 mm, 10
%; between 1 and 0.5 mm, 40 %, between 0.5 anthth340 %; < 0.3 mm, 10 %) and
water were mixed in order to obtain a ratio 10qLild/solid and treated in a 3.75 L total
volume stainless steel reactors (Parr Instrumeatagany, Moline, lllinois, USA) with
PID temperature control. The moisture content béat straw was considered as water
in the material balances. The reactor was filled lagated to 180 °C at a heating rate of
3 °C/min until to reaching the desired temperattire,reaction time was 30 min, these
conditions being previously evaluated by Ruiz et (@011). After completing the
reaction time, the reactor was cooled down at @ edtabout 3.2 °C/min. The agitation
speed was set at 135 rpm. At the end of treatntkat)iquid and solid phases were

separated by centrifugation and the solid resiavese washed with distilled water.

The liquid was analyzed by HPLC with a MetaCarb &3B0 x 7.8 mm, Varian, USA)
column at 45 °C using a Jasco chromatograph eqdipith refraction-index detector
(Jasco, Tokyo, Japan); the mobile phase was 0.08&lMric acid at a flow rate of 0.6
mL/min. The samples were analyzed for glucose, sejlo arabinose, 5-
hydroxymethylfurfural (HMF), furfural and acetic idc Sugars and compounds

concentration were determined using calibratiowvesiof these pure compounds.

A second aliquot of liquors (20 mL) was subjectedjtiantitative posthydrolysis (with
4 % HSO, at 121 °C during 60 min) before HPLC analysis. Therease in the
concentrations of monosaccharides and acetic atided by posthydrolysis measured
the concentrations of oligomers and acetyl groupsnd to oligosaccharides (Ruiz et
al., 2011). Equations 4.1 to 4.10 were used toutate: a) the percentage of feedstock
xylan converted into concentrations of xylooligodaarides (XOg), xylose (Xyk) and
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furfural (R); b) the percentage of feedstock arabinan conyertiaito
arabinooligosaccharides (A@Sand arabinose (Agx c) the percentage of feedstock
acetyl groups converted into acetyl groups linkedligosaccharides (Ac§) and acetic
acid (Ack); and d) the percentage of feedstock glucan coederinto
glucooligosaccharides (GQ glucose (Gly ) and HMF (HMFE).

132 X0S W,
X0S: = L. 10 (4.1)
150 Xn,, Wrs
132 Xyl W, .
Xylc = y L .10 (4.2)
150 Xp, Wes
132 A0S W,
A0S = L. 10 (4.3)

150 Ay, Wes

132 Ara W,
Arac = L .10 (4.4)
150 Amnp, Wes
132 F W
F = _ YL 40 (4.5)
96 Xny Wrs
43 A:0S W,
Ac0g = —=. 22 L 4 (4.6)
60 Aclgs Wes
43 A W
Aclc=—'i'—L'10 (4.7)
60 Aclps Wrs
162 GOS W,
GO = L .10 (4.8)
180 Gly,, Wes
162 Glu W, 4,
Gluec = — - .— .10 (4.9)
180 Glo,, Wes
162 HMF W, (4.10)
HMF, -10
¢~ 180 Gly,, Wgs
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The following terms correspond to the stoichiometric factor for the conversion of xylose
into xylan or arabinose into arabinan (132/150), furfural into xylan (132/96), acetyl
groups into acid acetic (43/60), glucose into glucan (162/180) and HMF into glucan
(162/126) (Carvalheiro et al., 2005; Carvalheiro et al., 2009; Garrote et al., 2001). The
solids residues were washed, air dried and milled to a particle size < 0.5 mm in order to
make certain quantitative polysaccharide hydrolysis. Milled samples were assayed for
glucan, xylan, arabinan and acetyl groups, the acid insoluble residue was considered as

klason lignin using same methods as for raw material analysis.

4.2.3 DELIGNIFICATION AND LIGNIN RECOVERY

The solid residue obtained from autohydrolysis, was delignified with an organosolv
process by a solvent consisting of an aqueous solution of 40 % (v/v) ethanol and 0.1 %
(w/v) NaOH conditions (Table 4.1). The solid/liquid ratio was fixed at 1:10 w/v. These
experiments were carried out in 160 mL total volume stainless steel cylinders reactors.
The reactor was closed and mounted vertically and then submerged in a oil bath open
heating circulator (JULABO Labortechnik GmbH, Seelbach, Germany) with PID
temperature control, previously heated to the desired reaction temperature (see Table
4.1). At the end of the desired reaction time (Table 4.1), the reactor was removed from
oil bath and cooled down by soaking in an ice-water bath for 5 min. The solid and liquid
were separated via vacuum filtration. The filtrate was distilled to recover the ethanol at

low temperature. Recovered ethanol could be reused.

In order to recover lignin, the pH of concentrated liquor was lowered with 0.3 mol/L
hydrochloric acid to a point where the lignin was no longer soluble and precipitation
took place (pH = 1.6). The precipitated lignin was recovered by centrifugation at 3500
rpm for 15 min, water washed, air-dried at 60 °C (Hongzhang, and Liying, 2007; Uloth
and Wearing, 1989).
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Table 4.1.Experimental conditions for delignification ancepipitated lignin mass (liquid/solid
ratio 1:10, aqueous solution of 40 % ethanol add® NaOH).

Sample Temperature  Time Precipitated lignin mass Yield 2
(°C) (min) (@) (9/100 mL)

1 180 20 0.65 3.25

2 180 40 0.51 2.55

3 190 30 0.44 2.2

4 200 20 0.42 21

5 200 40 0.38 1.9

a Lignin recovery yield from 100 mL of liquor

4.2.4 CHARACTERIZATION OF LIQUORS AND LIGNIN RECOVERY FROM

ORGANSOLOV PROCESS

The concentration of the phenolic acids - vanillierulic, syringic, gallic andp-
hydroxybenzoic — in the liquors was determined IBLE using a Jasco chromatograph
2080-PU intelligent pump (Jasco, Tokyo, Japan) mgupd with a Jasco 2070-UV
intelligent UV-VIS detector (Jasco, Tokyo, Japan226 nm and a Jasco AS-2057 Plus
intelligent auto sampler (Jasco, Tokyo, Japan) wittucleosil 120-5 ¢ (5 um particle
size, Macherey-Nagel, Duren, Germany) column. Ememes were filtered in 0.45m
Millipore membrane and injected in the chromatofrapder the following conditions:
column at room temperature; acetonitrile/water do@taining 10 g/L acetic acid and
pH adjusted to 2.5 by 42O, addition) as mobile phase; a flow rate of 0.9 mk/m
(Ruiz et al., 2011).

4.2.4.1 FTIR analysis

Fourier Transform Infrared (FTIR) spectra were of@d on an FTIR
spectrophotometer, (FTLA 2000 series, ABB Bomem.,Ir@uebec, Canada). The

conditions of analysis were as follows: resolutibncni®, co-adding 20 scans and
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frequency range of 400-4000 ¢nusing a KBr disc containing 1% finely ground

samples.

4.2.4.2 X-ray diffraction analysis and crystallinity

Cellulose crystallinity of wheat straw treated wigtutohydrolysis and organosolv
process were analyzed an X-ray diffractometry (Brubb8 Discover, USA). The
operating voltage and current were 40 kV and 60 me&pectively. The crystallinity
index (CI) was defined using the equation Cl g2} lam)/loo2xX 100, where g, is the
maximum intensity (8, 22.6°) of the (002) lattice diffraction ang s the intensity of
the amorphous diffraction @ 18.7°) respectively (Fengel and Wegener, 1984hita
et al., 2008).

4.2.4.3 Scanning Electron Microscopy

The scanning electron microscopy (SEM) surface dfeat straw treated with
autohydrolysis and organosolv processes were vigghlby a scanning electron
microscope (Nova NanoSEM 200, Netherlands) and qgnaphed. Samples were
coated with a layer of gold by sputtering with aaelerating voltage varying to 15 kV.

4.3 RESULTS & DISCUSSION

4.3.1 COMPOSITION OF RAW MATERIAL

The wheat straw used had the following composi{fzndry weight, w/w): 37.4 %
cellulose (glucan), 29.4 % xylan, 1.9 % arabinaB, &etyl group, 23.6 % lignin and
2.1 % ashes. The amounts of xylan, arabinan antylageups correspond to the
content of hemicellulose. This chemical compositi®nn good agreement with other
values found in the literature for this materialjgiBe et al., 1996; Hongzhang and
Liying, 2007; Ruzene et al., 2008).
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4.3.2 EFFECT OF AUTOHYDROLYSIS ON THE COMPOSITION ON THE L IQUID

PHASE

The conditions of time, temperature and particlee sdlistribution used during the
process of autohydrolysis for wheat straw sugahsbdzation were established in a
previous work (Ruiz et al., 2011). Autohydrolysisanc be conceived as an
environmentally friendly process that caused atsuibisl fractionation into non-volatile
components including monosaccharides (xylose, @aogkei and glucose),
oligosaccharides (xylooligosaccharides — XO&abinooligosaccharides — ArQS
glucooligosaccharides — GOS, and acetyl groupstinio oligosaccharides — AcOS);

and volatile components mainly acetic acid, furffarad HMF (Garrote et al., 2007).

The concentrations (g/L) of the liquid phase congris derived principally from wheat
straw hemicellulose fractions by autohydrolysisl80 °C and 30 min were 14.22
0.095,0.86+0.059, 1.25+ 0.074, 1.94t 0.003, 1.25t 0.006, 2.04+ 0.030 and 0.636
0.066 for XOS, ArOS, AcOS, xylose, arabinose, acatid and furfural, respectively.
The vyields of soluble sugars (XOS and xylose) efdhiginal xylan were 44 % and 5.8
%, respectively. The XOS vyield is in agreement witlevious studies reported by
Carvalheiro et al(2009) and Nabarlatz et al. (2007) with feedstpiekds of 45% and
58%, respectively. The recovered oligomers, maX¥M®s, represented 78% of the sum
of sugars solubilized in the autohydrolysis liquaysnerated by the hemicellulose
fraction hydrolysis. As can be observed, the helilcse can be selectively removed
from wheat straw by the autohydrolysis. Arabinosapidly released from
hemicelluloses demonstrating that this fractiorvaoh high susceptibility to hydrolysis
reactions, the yields of soluble sugars (ArOS aathinose) were 39.83 % and 57.89 %
respectively, Gullén et a(2010) reported a value of 28.2 % for rye strawloXe and
arabinose yields obtained in the liquid product eveot high because they readily
decomposed into furfural at the reaction conditiovields for AcOS and acetic acid
were 35.83 % and 58.58 %, respectively, these teesuk in agreement with other
reported data (Gullén et.aP010; Vegas et al2004); the low content of acetyl groups
can be partially explained by the wheat straw cositpm, related with the low

recovery production of degradation products asufaifyield (2.94 %).
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In contrast to hemicellulose components, the effect of the autohydrolysis reaction on the
cellulose (glucan) basically remained in the solid phase and only a small part was
depolymerized to oligomers and glucose. The concentrations (g/L) were 1.76 = 0.085,
0.51 = 0.009 and 0.122 = 0.002 for GOS, glucose and HMF, respectively. The
glucooligosaccharides and glucose yields were 4.23 % and 1.22 %, respectively and the
HMF as degradation product was 0.41 %, demonstrating that only a minor part of the

glucose present in the liquor was degraded by the autohydrolysis process.

4.3.3 EFFECT OF AUTOHYDROLYSIS ON THE COMPOSITION OF THE SOLID

PHASE

The cellulose (glucan) content in the solid residue was of 63.7 %, xylan content was
7.55 %, arabinan 0.29 %, acetyl groups 1.51 % and klason lignin 26.91%, revealing that
the glucan was almost not affected by the autohydrolysis process and a solid residue
with increased glucan was obtained. This decrease could be correlated to the
solubilization of hemicellulose components and these results are in agreement with the
data reported for the similar feedstock; (Gullon et al., 2010) observed a similar behavior
for rye straw. The klason lignin content follows a similar pattern to glucan and the

majority of the lignin content is retained in the solid phase.

4.3.4 CHARACTERIZATION OF LIQUOR AND LIGNIN RECOVERY

The obtained solid phase after autohydrolysis process is treated using the organosolv
process and extracted/solubilized lignin is recovered by precipitation with hydrochloric
acid. In the organosolv process using ethanol pulping, removal of lignin depends not
only on cleavage of ether bonds in lignin macromolecules, but also on the ability of

aqueous ethanol solution to dissolve lignin fragments.

The results describing the effect of operation variables (time and temperature) on the
amount of extracted lignin (quantified by acid precipitation) by ethanol pulping are
shown in Table 4.1. Although it has been previously shown that temperature, time and

pH were the dominant factors in lignin extraction (Garcia et al., 2009; Hongzhang and
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Liying, 2007), our results indicate that a tempematincrease up to 190 °C did not
influence lignin precipitation and that the highgsld of precipitated mass occurred at
180 °C for processing times between 20 and 40 s can be explained by the

variation of the phenolic acids in the liquors. &phenolic acids were quantified in the
liquors obtained after of application of the orgswle process. The choice for these
compounds was based on the fact that they are @iveamids present in the wheat straw
(Lawther et al., 1996).

025

014 {  — ferulic acid —®— p-hydroxybenzoic
—&— gyringic acid ~~O-- gallic acid
0121 ™ vanillic acid L 0.20

0.10 1

018
0.08 1

(1/3) proe oypueA

0.06 1 r0.10

0.04 1
r 005

ferulic, p- hydroxybenzoic, syringic, gallic acids (g/)

0.02 1

0.00 * * * * 0.00
180°C/20 min 180 °C/40min 190 °C/30min 200 °C/20 min 200 °C/40 min

Operation Conditions

Figure 4.1.Phenolic acids content (removal profiles) in tla@dr obtained

by organosolv process.

The removal profiles obtained (Figure 4.1) allowalerating the effect of increasing
time and temperature on the concentration of liglgrived compounds in the liquor.
Figure 4.1 shows that temperature is not the oatgor influencing lignin extraction
(Nimz, 1974) as the chemical structure of the coumgs being extracted is also
relevant. The highest removal was observed forlh@maicid (0.19 g/L) and the lowest
for syringic acid (0.004 g/L). In the case of feécubcid, the removal profile was
different from those observed for the other acids, a significant increase in its
extraction was observed when time was increased #0 to 40 min, at 200 °C. The
extracted amounts g-hydroxybenzoic and gallic acids showed an incranoéi®.003

to 0.039 g/L and 0.065 to 0.087 g/L, respectivelyhe values obtained for the
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extraction of phenolic acids as a function of terapge and time are similar to those
obtained using steam treatment and alkaline peeoxidst-treatment, with higher

recovery yields for vanilic acid and lower for fecuacids (Sun, 2004).

4.3.5 FTIR SPECTRA OF LIGNIN RECOVERY

Infrared spectroscopy is an effective way to idgrtie presence of certain functional
groups in a molecule. Also, one can use the unapliection of absorption bands to
confirm the identity of a pure compound or to detee presence of specific impurities
(Faix, 1991). FTIR spectra of the obtained différégnin precipitates at different

operation conditions were obtained between 3500680ccm’ (Figure 4.2).

2900 2850

Yo Tram ittance

3500 3000 2500 2000 1500

- -1
Wavenumber (cm )

Figure 4.2. FTIR spectra of lignin recovered by precipitatatrdifferent conditions: (A) 180
°C/20 min; (B) 190 °C/30 min; (C) 200 °C/40 min.
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FTIR spectra showed characteristic vibrations pfdgl LCM groups; carboxylic acids
group is identified by the broad band centerechinregion 3300-2700 ch caused by
the presence of the O-H group that overlaps with@hH stretch band which appears
near 3000 cm. Aldehyde type C-H absorption bands are identifiéith two weak
absorptions to the right of the C-H stretch, n&®and 2600 cth

The three spectra of lignin extraction showed alambroad band of the characteristic
vibration of typical lignocellulosic materials aB%0 and 1740 cih assigned to the
aromatic ring C=C and C-O non conjugated bond,eetbgely. Some special absorption
signals of lignin were observed in the 1460 ‘cmegion, corresponding to C-H
deformations of methyl and methylene, showing tfwédience of an intensive band that
indicates the highest methoxy content in the treats1at low time and temperature.
Moreover, a decrease in the signals absorptionceged to syringyl (S) groups in the
lignin (1325 cni) is observed, indicating a cleavage of the etimabe and a certain
degree of lignin demethoxylation during the modemse conditions of organosolv
process. On the contrary, there was no deformatiadhe guayacyl (G) units (1265—
1130 cnt) at the various conditions tested. Bands at 1180 were assigned to C-O

and C-C stretching vibrations.

4.3.6 X-RAY DIFFRACTION

Cellulose from wheat straw has crystalline and gunous regions, these regions are
affected by the different treatments applied to ath&traw. Figure 4.3 shows X-ray
curves of cellulose samples from different treatteeihe diffraction peaks around 15-
16° and 21-22° @ are characteristics in the cellulose from whdeavs and their
occurrence is in agreement with other works (Gukayt and Usta, 2002; Liu et al.,
2005). The crystallinity index of 21.3 % obtaineat untreated wheat straw and its

increase to 55.17 % after autohydrolysis indicatgsificant structural changes.

Removal of amorphous materials (lignin, hemicekelpfrom lignocellulosic fractions
and rearrangement of the remaining components haga associated with improved
crystallinity (Ozturk et al., 2009). According tother works, increases of the

crystallinity index values were observed followistgeam explosion and microwave
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digestion of sorghum bagasse (Carrasco et al., ;28@faris et al., 2009). The
crystallinity index of 53.59 %, obtained after thiganosolv process indicates damages
on the fiber structure and a more exposed cellulssiface. Similar results have been

reported in a previous work (Ouajai and Shanks5200

300

o7

Intensity

()

}m-w"b‘“-w‘(\’*

26(9)

Figure 4.3.X-ray diffraction curves of cellulose from whe#ttesv: (a) untreated wheat straw,
(b) autohydrolysis at 180 °C/30 min, (c) organogmiycess at 180 °C/20 min.

4.3.7 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy (SEM) images preseirtedigure 4.4 were used to
complete the analysis on the effect of the autablydis and organosolv process on the
structure. The untreated sample exhibited a rigid highly ordered fibers (Figure
4.4A). In contrast, the fibers obtained after aytbblysis appeared to be distorted
(Figure 4.4B) because illustrated partition frome timitial connected structure,
increasing the external surface area and the ggrasiFigure 4.4C, the fibers after the
organosolv process are shown. Sample treated wgdnosolv process demonstrated a
high effect in fiber matrix separation and materi@kposition, allowing the material to

be more susceptible to enzymatic attack for sube@eal use in fermentation processes.
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Figure 4.4.Scanning electron microscopy images of treateduatietated wheat straw: (A)
wheat straw, (B) autohydrolysis, (C) organosolvcess: Ordered fiber&l), high porosity area
(O), fiber matrix separation and expositiofy)(
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4.4 CONCLUSIONS

Results presented in this chapter show that a séiguautohydrolysis and organosolv
process is a suitable technology for hemicellukisgars recovery mainly as XOS and
the generation of cellulose-enriched solids as aglthe precipitation of lignin like a
higher value product. Samples treated at 180 °C 3hanin under autohydrolysis
process showed a 44% of xylan conversion into xiosaccharides; application of the
organosolv process at 180 °C for 20 min allowedHhigiest lignin recovery by acid
precipitation (3.25 g/ 100 mL). Temperature ancetms well as chemical structure were
variables that showed a strong influence on ligprecipitation in the organosolv
liquors. This research evidenced that the comtmnatf autohydrolysis and organosolv
process is an interesting alternative for addintpesdo wheat straw compounds in

accordance with the “biorefinery” concept.
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ABSTRACT

The aims of this work were the extraction of herthidese to be
used as a biocomposite in the reinforcement ofgaalgharide-
based films. The optimization and characterizatiar
hemicellulose extraction from autohydrolysis werdsoa
considered. The hemicellulose extracted obtaineddeun
optimum conditions was used as reinforcementkfoar/ LBG
polymeric matrix for biocomposite manufacture. Heililms
were prepared by adding the biocomposite (rangiog fO to
0.4 %) into thek-car/LBG film-forming solutions. Barrier
properties (through the determination of water vapo
permeability, WVP), mechanical properties (tenstiength, TS
and elongation-at-break, EB), moisture content apdcity of
the resulting films were determined and relatedhwihe
incorporation of the biocomposite. The incorponatiof the
biocomposite in concentrations of 0.4 % causes @edse of
WVP and an increase of the TS, showing an improwemithe
physical properties of the films. Moreover, the @paof the
films increased with the incorporation of the biogmsite.
Biocomposite from hemicellulose extraction showedbe a
good material to be used in the reinforcement dfledilms, in
this case ink-car/LBG edible films, and a biodegradable

alternative to be applied in the packaging industry
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5.1 INTRODUCTION

Due to environmental considerations concerningasuable development in the last
years, the renewable resources currently attraceasing interest as raw material for
industry. The term “biorefinery” or fractionationf dignocellulosic materials (LCM)

from forest, agricultural residues, set-aside landslustry or urban solid wastes
borrows its origin from the classical petroleuminefy concept and refers to biomass
conversion into fuels and chemicals with high addeblie as well as biocomposites

production through the integration of clean proesg&herubini and Ulgiati, 2010).

Biocomposites may be understood as the combinatiomvo or more materials, for
example, reinforcement elements or filler involveg a polymeric matrix. In recent
years, studies about the utilization of LCM as f@icement in polymeric composites
are increasing due to the improvements that nafilbats can provide to the product,
such as low density and biodegradability, excellaathanical and physical properties,
besides the fact that these materials are fromwalle and less expensive sources
(Dogan and McHugh, 2007; Liu et al.,, 2010; Gonz&¢zl., 2011; Vicente et al.,
2011). For these reasons, material componentsasiolatural fibres and biodegradable
polymers can be considered as interesting enviratatlg safe alternatives for the
development of new biodegradable composites (bipomites) (Avérous and Digabel,
2006).

Wheat straw (WS) is one of the most abundant adgwi@l by-products in the world.

According to Food and Agriculture Organization bétUnited Nations (FAO, 2011)

statistics reported a world annual wheat productio2009 of 682 million tons. WS

presents many interesting characteristics thatiti@ei its biotechnology upgrade in a
biorefinery philosophy and consist mainly of cetisg (30-40 %), hemicellulose (20-35
%) and lignin (15-25 %).

Hemicelluloses are heteropolysaccharides made upenfoses (xylose, arabinose),
hexoses (mannose, glucose and galactose), uromicuaits and the most abundant
hemicellulosic polymers are xylans. The compositbmemicelluloses depends on the

LCM considered. WS hemicelluloses are arabinoglumoxylans and consist of a linear
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B-D-(1,4)- linked xylopyranosyl backbone, substitutevith arabinofuranose, @-
methylglucuronic acid, xylose and acetic, feruliccoumaric acids (Carvalheiro et al.,
2009; Girio et al., 2010). The hemicelluloses carséparated by various extraction and
isolation methods, and then utilized in a numbemalys. Moreover, the process of
xylan polymerization (including the conversion oflan into high-molecular weight
xylooligomers, low-molecular weight xylooligomersylose and dehydration of xylose
into furfural). In polymeric (xylan) form they cate used as hydrogels and
biodegradable barrier films for food packagingpligomeric form they can be used as
functional food ingredients and the monomeric fazam be fermented to ethanol or
xylitol. (Hansen and Plackett, 2008).

Hemicelluloses from wheat straw have been studited alkaline extraction (Sun et al.
2000); however, hemicellulose extraction using &mmndly and benign extraction
processes has received little attention. Autohydislor hydrothermal processing is an
environmentally friendly process in which LCM isefreated with compressed hot
water, only and that can be used to extract hefalosks into the water phase. The
acidic groups bound to the hemicelluloses are selgat elevated temperatures. These
acids, mainly acetic acid and hydronium ions thame from water autoionization,
participate in the hydrolysis of the solid LCM tolgble polysaccharides and oligo-

saccharides (Ruiz et al., 2011a).

Recently, it has been shown that the mixture ofygadcharides could be used to
improve physical properties of edible films (NieR0Q09; Martins et al., 2011a). The

mixture of K-carrageenan and Locust Bean Guwrcdr/LBG) has been studied and it
has been shown that their “synergistic” effectsegivise to enhanced properties that
allow their application as edible films (Martins &t, 2011a). The incorporation of

biocomposites in thisk-car/LBG system can be very attractive leading he t

improvement of their physical properties. The maljective of this chapter was the

extraction of hemicellulose to be used as a bioasie in the reinforcement of

polysaccharide-based films. The optimization andratterization of hemicellulose

extraction from autohydrolysis were also considerétle hemicellulose extracted

obtained under optimum condition was used as reiafoent forc-car/ LBG polymeric

matrix for biocomposite manufacture.
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5.2 EXPERIMENTAL PROCEDURES

5.2.1 RAW MATERIAL

Wheat straw used in this study was kindly providgd local farmer (Elvas, Portugal).
Wheat straw was cut into small pieces (1-3 cm)railéd using a laboratory knife mill
(Cutting Mill SM 2000, Retsch, Germany). The mategomposition was previously
analyzed by Ruiz et al. (2011a), containing 37.4l%can, 29.4 % xylan, 26.8 % total
lignin, and 1.6 % ashk-car (Gelcarin DX5253) and LBG (Genu gum type RIORO
were supplied by FMC Biopolymer (Norway) and CP d¢e(USA), respectively. A
blend of these polymers was chosen as the polymeiox for composite manufacture
(Martins et al., 2011a). All standard chemicalsdsich as sugars were of analytical
grade. Birchwood xylan was used as a representatitike hemicellulose component
and was purchased from Sigma-Aldrich (Steinheimn@ay).

5.2.2 AUTOHYDROLYSIS EXTRACTION OF HEMICELLULOSE FROM WHEA T

STRAW

Autohydrolysis extraction of hemicellulose experiiteewas carried out in 160 mL total
volume stainless steel cylinders reactors. Thetoeaeas closed and mounted vertically
and then submerged in an oil bath open heatingulatar (JULABO Labortechnik
GmbH, Seelbach, Germany) with PID temperature oarfior the extraction reactions,
milled wheat straw with a particle size distributiof 10 % > 1 mm; 40 % between 1-
0.5 mm; 40 % between 0.5-0.3 mm; and 10 % to snthBwas efficiently mixed in a
acrylic cylinder blender and suspended in the ddsamount of distilled water in order
to obtain a 1:10 solid/liquid mass ratio. Condifaf temperature and time used in each
experiment are shown in Table 5.1. At the end efdlsired reaction time, the reactor
was removed from oil bath and cooled down by saakinan ice-water bath for 5 min.
The solid and liquid were separated via vacuunmafitbn. To the filtrate was added
three volumes of 95% ethanol absolute (99.8%, Cé&ilba, France) in order to

precipitated high-molecular weight hemicellulosbeTiquid phase was separated from
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the precipitated hemicellulose by centrifugatioB§%x g, 10 min, 4 °C). Distilled water
was added to the precipitated hemicellulose in @pqtion of 1:2 (precipitated
hemicellulose: water) and the hemicellulose exé@¢HE) was lyophilized and kept in
a dry place until further use (Cerqueira et alQ@0Hemicellulose extraction yield (%
HEY) was calculated according to the following etipra

(5.1)

WE

where, WE is the dry mass weight obtained aftearathprecipitation, WS is the wheat

straw dry mass weight used in each experiment.

Table 5.1.Experimental conditions used for hemicelluloseaotton yield according to
experimental design. Real and (normalized) valti¢iseooperational variable temperatukg)(

times (X;), and results obtained for the hemicellulose exiwa yield (% HEY) response.

Assay Variables Responses
X1 Xz Y? % HEY) Y° 96 HEY)

1 160 (1) 10 (-1) 5.7 3.05
2 160 (1) 50 (1) 10.3 8.80
3 160 (1) 30 0) 7.8 11.94
4 200 (1) 10 (-1) 8.3 8.82
5 200 (1) 50 (1) 2.99 4.66
6 200 (1) 30 0) 14.96 12.65
7 180 (0) 10 (-1) 11.7 13.82
8 180 (0) 50 1) 14.8 14.61
9 180 (0) 30 (0) 21.55 20.22
10 180 (0) 30 ()] 19.69 20.22
11 180 (0) 30 ()] 23.47 20.22
12 180 (0) 30 ) 18.14 20.22

2Experimental value® Model predicted value
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5.2.3 EXPERIMENTAL DESIGN AND OPTIMIZATION OF HEMICELLULOS E

EXTRACTION

For optimization of the hemicellulose extractiorelgi (% HEY) a response surface
methodology (RSM) was applied. The independentitas temperatureX(, °C), time
(X2, min) at three variation levels on the extractidrhemicellulose is shown in Table
5.1. The total number of observations requiredtfar independent variable®NY was
calculated using the following equation:

N=2X+2xK+1 (5.2)

whereK is the number of independent variabldss found to be 8 with four replicates
at the centre point leading to a total number ofekperiments for the evaluation of
extraction process. Four assays at the centre pbitiie design were carried out to
estimate the random error needed for the analysiganance. The values of the
independent variables were normalized from -1 tousihg Eq. (5.3) to provide the
comparison of the coefficients and visualisationhaf individual independent variables

on the response variable.

X-X (5.3)

where X is the absolute value of the independenalviarconcernedX is the average
value of the variable an&y.x and Xyin are its maximum and minimum value,
respectively. The second-order polynomial was dated with MATLAB' Version

7.6.0, R2008a software (MathWorks, Inc., Natick,sstchusetts, USA) to estimate the
response of the dependent variables. The mathexhatiodel corresponding to the

experimental design is:

3 3 2 3
Y, =B +Zﬁixi +Zﬁiixi2 +Z Z Bij xix;
i=1 =1

i=2 j=it+1

(5.4)
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whereYi is the predicted value; andx; are the normalized values of the factors (time,
temperature)f, is a constant coefficiens; are the linear coefficientg; (i and j) are
the interaction coefficients aft] are the quadratic coefficients. The quality of fihef

the polynomial model equation was evaluated byctrefficient of determinatio®” and
the statistical significance was evaluated by tishét’'s F-test for analysis of variance
(ANOVA) with a 95 % confidence level. The effect @ich independent variable and

also their interaction effects were determined. Teherimental design package
STATISTICAO v 7.0 (Statsoﬂu, Tulsa, OK, USA) was the software used for data

analysis.

5.2.4 CHARACTERIZATION OF AUTOHYDROLYSIS HEMICELLULOSE

EXTRACTED

5.2.4.1 Total sugar analysis of autohydrolysis liquid friact

After the autohydrolysis extraction, the total sugantent in the liquid fraction was
determined by the Dreywood anthrone method (usingoge as standard) and prepared
as described by Rodriguez-Jasso et al. (2011) $sobling 0.05 g of anthrone (VWR
Prolabo) in 25 mL of concentrated$0,. The reagent was allowed to stand for 30-40
min with occasional shaking until it was perfecttiear. The reagent was freshly
prepared and used within 12 hr. Water content Wasrated of the standard sugar by
drying at 35 °C for 6-8 h. Sample solution (1 migs layered into walled Pyrex test
tubes and mixed with anthrone solution and coaded fmin. The tubes were fitted with
a cotton wool stopper, heated as required in areiggly at 80 °C for 15 min and then
cooled with ice water for 5 min. The measuremeritgest solutions and of reagent
blanks were made spectrophotometrically at 630 rmgainat distilled water as a

reference. Sugar concentration of samples waslleééc using the calibration curves.
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5.2.4.2 Acid hydrolysis of extracted hemicellulose for gsugaomposition

determination

In order to determine the main sugar componenésHit was hydrolyzed according to
Akpinar et al. (2009) with a slight modificatiom brder to compare the hydrolysis
profiles of HE, a commercial birchwood xylan wagdiss reference material. HE (20
mg) was suspended in 5 mL of 0.25 M3y, and this suspension was incubated in a
boiling water bath for 3 h. The resulting supernataas filtered through a 0.2m
sterile membrane filter. The reaction products sglaglucose, arabinose and acetic acid
were quantified by HPLC in a Jasco 880-PU intelliiggoump (Tokyo, Japan)
chromatograph equipped with a refractive index aeteand a Metacarb 87 H (300 x
7.8 mm, Varian, USA) column. Chromatographic sefiamavas performed under the
following conditions: mobile phase 0.005 M$0,, flow rate 0.7 mL/min, and column

temperature 60 °C. The volume injected wagl3ter sample.

5.2.4.3 Fourier-transform infrared spectroscopy

Fourier-transform Infrared (FTIR) spectra of HE asythn birchwood were obtained on
an Perkin-Elmer 16 PC spectrometer (Perkin-Elmest@&, USA) using 16 scans and
frequency range of 400-4000 cmSignal averages were obtained at a resolutich of
cm™. For FTIR measurement, the polysaccharide wasngretith spectroscopic grade
potassium bromide (KBr) powder and then presseddinnm pellets. The FTIR spectra
of the films were recorded using Attenuated Totafl€tance mode (ATR). The
vibration transition frequencies of each spectrumrevbaseline corrected and the

absorbance was normalized between 0 and 1.

5.2.4.4 Preparation of edible films

Edible films were prepared using the method deedriby Martins et al. (2011a).
Briefly, the polysaccharideg-car and LBG mixture was prepared by mixing the
solutions at 25 °C prior to heating at 70 °C urstgring during 30 min. Biocomposite
was added to the solutions in concentrations ofah@ 0.4 % (w/w) when the two

solution were mixed. Film-forming solutions wereethdegassed under vacuum to
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remove air bubbles and dissolved air as much asilges Then, 28 mL of the film-
forming solution was cast into polystyrene Petshdis, and dried at 35 °C during 16 h.
Films were conditioned at 54 + 1 % relative hunyidiRH) and 20 + 1 °C by placing
them in a desiccator containing a saturated selwfdvig(NG;),.6H,0.

5.2.5 FILM CHARACTERIZATION

5.2.5.1 Fourier-transform infrared spectroscopy of the flm

The FTIR spectra characterization of edible filmssvanalyzed as described above (see
the point 5.2.4.3).

5.2.5.2 Thickness

A digital micrometer (No. 293-5, Mitutoyo, Japanpsvused to measure the film
thickness. Five thickness measurements were rarydiakén on each film sample and

the average was used to calculate water vapourgadiility and tensile strength.

5.2.5.3 Water vapor permeability (WVP)

WVP was determined gravimetrically using the ASTM6E92 method described by
Casariego et al. (2009). Three samples were cot &ach film. Each sample was sealed
on a permeation cell (cup containing distilled wate100 % RH; 2.337 x £@Pa vapor
pressure at 20 °C), and placed in a desiccatoaitomg silica gel (0 % RH; 20 °C). The
water transferred through the test films was detggthfrom cup weight loss over time.
The cups were weighed with a 0.1 mg precision htitervals. The steady state of
weight loss was reached after 10 h. The experimaete performed in triplicate for

each film formulation.
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5.2.5.4 Moisture content

The moisture content (MC) was expressed as thepige of water removed from the
initial mass sample. MC was determined gravimeltgicay drying film samples (of
about 20 mg) at 105 °C in an oven with forced aoutation for 24 h. The experiments

were performed on each film sample in triplicate.

5.2.5.5 Tensile strength and elongation-at-break

Tensile strength (TS) and elongation-at-break (B@)e determined with an Instron
Universal Testing Machine (Model 4500, Instron Guwgtion) using ASTM Standard
Method D 882-91. Film specimens (45 x 20 mm stripgre cut from each
preconditioned (54 % RH) film and placed betweea tdnsile grips. The initial grip
separation and crosshead speed were set to 30 hi® @mn mift, respectively. Five

samples for each type of films were replicated.

5.2.5.6 Opacity

The opacity of the samples was determined accordirtge Hunterlab method, as the
relationship between the opacity of each sampla btack standard and the opacity of
each sample on a white standard. For each typdnof dptical measurements were

performed six times.

5.2.5.7 Statistical Analysis

The statistical analysis of the physical and mewdsaproperties on the film was carried
out with the single-factor analysis of variance @WA), the multiple comparison tests
was used to determine the statistical significamitk a 95 % confidence level. For the

data analyses, MATLAB software was used.
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5.3 RESULTS & DISCUSSION

5.3.1 EFFECT OF AUTOHYDROLYSIS ON HEMICELLULOSE EXTRACTION

Table 5.1 shows the values of hemicellulose extactyield. The degree of
solubilization of hemicellulose increased for higleating temperatures and ranged
between 18.14 and 21.55 % at 180 °C for 30 miniedesmg to 2.99 % for a heating
temperature of 200 °C for 50 min, probably dueheodegradation of hemicellulose into
furfural and other derivatives (Ruiz et al., 2011dpshida et al. (2010) reported a
similar effect on the extraction of carbohydratesnf corn starch using microwave-
assisted extraction. Recently, Ruiz et al. (20tépdrted the effect of temperature, time
and particle size on the composition of monosaddbar (xylose, glucose and
arabinose) and degradation production (hydroxynietiiyral (HMF) and furfural
from wheat straw hemicellulose, showing that glecasd xylose were degraded into
HMF and furfural for higher severity treatment (200 for 60 min). Overall, the
behaviour of xylose solubilization and its degramtaproduction strongly corresponds

with hemicellulose extraction yield showed in thiady.

On the other hand, it is known that when the heliose is subjected to

autohydrolysis under specific operational condgiorylooligosaccharides (XOS) are
the major products. According to Boussarsar e{2409), the soluble fraction shows
the presence of xylan oligomers and polymers wattyd distribution of degree of
polymerization (DP). In a previous work (Ruiz et &011b), it was reported that XOS
represented 78 % of the sum of sugars solubilimrethé autohydrolysis liquid phase
generated by the hemicellulose fraction hydrolydfakishima et al. (2009) used a
continuous flow type autohydrolysis reactor for hestlulose fraction from corncob

and reported that during the purification of solizled fraction, higher-XOS was

recovered as the precipitate, presenting a DP mgnfjom 11 to 21. Garrote et al.
(2002), proposed a reaction model for xylan fororatinder autohydrolysis conditions,
which the ratio of the higher-XOS decreased witiction time and the concentration of

monomer sugars such as xylose increased.
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5.3.2 STATISTICAL ANALYSIS AND OPTIMIZATION OF HEMICELLULO SE

EXTRACTION

Table 5.1 shows the process variables, experimdataland the values predicted by the
model. The obtained second-order polynomial maaééims of normalized values are
expressed in Eq. (5.5), that represent the heralos extraction yieldY(y Hey), as

function of temperaturex{) and time %), respectively.

Yoo ngy) = 20.22 + 0.4x, — 7.88x2%, + 0.39x, — 6.01x2 (5.5)
- 2.4’7x1x2

The ANOVA results listed in Table 5.2 revealed teatond-order polynomial model
was found to be adequate for prediction of hemitaetle extraction yield response

within the range of experimental variables.

Table 5.2. Analysis of variance (ANOVA) for hemicelluloseteaction yield model as a

function of temperaturex{) and time X).

Source Sum of d.f Mean Square F-value p-value
Squares
Model 415.87 5 83.17 8.95 0.0094 *
Xq 1.00 1 1.00 0.10 0.7539
X2 0.95 1 0.95 0.10 0.7597
X1Xo 24.55 1 24.55 2.64 0.1501
X2 165.58 1 156.58 17.82 0.0055 *
X 96.32 1 96.32 10.36 0.0181 *
Error 55.75 6 9.29
Total 417.61 11

d.f., degree of freedom, * significant.

The determination coefficient of the second-ordallypomial model was® = 0.8817,
indicating that 11.83 % of the total variations werot explained by the model. As

shown in Table 5.2, the model F-value of 8.95 ghliompared to the tabulag Fvalue
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of 4.39 indicating that the model was significafihe statistical analysis revealed that
the autohydrolysis variables had a significantuefice on the hemicellulose extraction

yield.

As can be deduced from Table 5.1, the Pareto shait's the effect and significance of
square of the variableg?;, X%, on hemicellulose extraction yield wifiavalue under a
significance level ofx = 0.05. The others terms were not significgmt>(0.05). The
negative sign shows that the hemicellulose extiactield decreases as these variables
increase. Zou et al. (2011) reported a similar ctfief time on the extraction of

polysaccharides using an ultrasonic process.

x1x2

x1 +

x2 +

p=.05
Effect Estimate

Figure 5.1.Pareto chart for standardized effects on hemiaakiextraction yield.

Three dimensional response surface of the secadet-golynomial Eq. (5.5) was
plotted in order to obtain the optimum point in tiemicellulose extraction yield (Table
5.2). Hemicellulose extraction yield was estimaiedbe 20.22 % at the optimum point
(temperature; 180.42 °C, time; 30.56 min). Thisropin point was confirmed using the
Hessian matrix analytical method, evaluating th&ues of the second order partial
derivatives from second-order polynomial. The HEagted in the optimum point was

used as material in the reinforcemenkafar and LBG matrix blend.
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Optimum
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Figure 5.2.Response surface and contour plot showing thetsftd temperature() and time

(x2) on the hemicellulose extraction yiel‘]l. () optimpuint; (&) experimental conditions.

5.3.3 EXTRACTED HEMICELLULOSE CHARACTERIZATION

5.3.3.1 Total sugar recovery in the liquid fraction

Figure 5.3 shows total sugar content in the lidtadtion obtained from each extraction
condition. The total sugars in the soluble fractwe derived mainly from hemicellulose
extracted from WS raw material. The treatment & %® showed a minimal extraction
of total sugar and slow solubilization in functiaf treatment time. Moreover, the
results showed that the highest total sugar isdomnen the WS is treated at 180 °C for
30 min, whereas the total sugar content in thedifuaction decreases at 200 °C for 50
min. The decreasing trend of total sugar can beilkest to a balance between the
depolymerization of the oligomers sugars and tleersgary degradation of the product
monomers and by Maillard reaction in the autohyisl treatment (Ruiz et al., 2011a).
These results are in good agreement with Sato. §2@10), who reported that total

sugar increased with both temperature and residanee
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Figure 5.3 Total sugar content in the liquid fractiol.J( 160 °C; & ) 180 °C;® ) 200 °C.

5.3.3.2 Acid hydrolysis of extracted hemicellulose

Figure 5.4 shows the chromatogram profiles of HE airchwood xylan after acid
hydrolysis, respectively. Chromatogram profileseaed the existence of xylose as the
major sugar constituent in the HE using autohydislyreatment at 180 °C for 30 min
and indicating the presence of a polysaccharide/ain. Arabinose, glucose and acetic
acid were present in small amounts for HE. Birchavgglan, which contains > 90 % of
sugars in the polysaccharides form of xylose, wasiened with the chromatogram
profile. HE and commercial birchwood xylan, wereairid to be slightly similar, both
composed predominantly by xylose.

5.3.3.3 Fourier-transform infrared spectroscopy

Infrared spectroscopy is an effective way to idgrtie presence of certain functional
groups in a molecule. Also, one can use the unapliection of absorption bands to

confirm the identity of a pure compound or to detbe presence of specific impurities.
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Figure 5.4 Chromatographic profiles: (A) birchwood xylan &) extracted hemicellulose,

after acid hydrolysis.

The HE infrared spectrums and birchwood xylan ({Fégh.5) showed the typical signal
pattern expected for hemicellulose fractions. Brahdorption band at 3405 &nis
attributed to hydroxyl groups that normally occsraaresult of the association between
the polymers being its intensity influenced by thelgzed sample concentration (Sun et
al., 2005). In addition, a band at 2920 twas detected and is indicative of C-H
stretching vibrations due to Gldnd CH groups; also, the signal at 1375 tis due to
the C-H bending vibration present in cellulose &edicelluloses chemical structures
(Peng et al., 2009). The sharp absorption bandtoe&s13 crit is principally attributed
to the absorbed water in xylan-type polysacchar{@s et al., 2000; Oliveira et al.,
2010). The prominent band at 1043tiis the wavenumber characteristic for typical
xylans, assigned to the C-O and C-C stretchingtia@dlycosidic linkage contributions.
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Figure 5.5.FTIR spectra of extracted hemicellulose obtaingdutohydrolysis at 180 °C for 30
min (A) and birchwood xylan (B).

Moreover a sharp band at 890 tntorresponding to the Qroup frequency or ring
frequency, is attributed t@-glycosidic linkages (34) between xylose units in
hemicelluloses (Sun et al., 2000; Sun et al., 200&)-intensity shoulders at 1161 and
983 cni' were only detected at birchwood fraction showihg @ssociation with
arabinosyl side chains (Sun et al., 2005). On thetrary, extracted hemicellulose
showed a signal at 1733 &nthat implies that the hemicellulosic fraction, wilized
during the water treatment, contains small amowftshe acetyl, uronic, and ester
groups or the ester binds of the carboxylic groop$erulic and/orp-coumaric acids
(Peng et al., 2009). Furthermore, the weaker absegs at 1507 and 831 ¢rabserved
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in this fraction are originated from aromatic skalevibrations in associated lignin,
indicating that HE was slightly contaminated withnmmal amounts of bound lignin
(Sun et al., 2005).

5.3.4 FILMS CHARACTERIZATION

5.3.4.1 Fourier-transform infrared spectroscopy of the flm

FTIR spectroscopy has been used to characteriferatit polysaccharides and their
structures (e.g. edible films) (Turquois et al.98p When chemical groups interact at
the molecular level, changes in FTIR spectra sisctha shifting of absorption bands
could happen. These changes can be an indicatigaasf miscibility of polymers, and
can be useful to evaluate the interaction betwkerbiocomposite and-car/LBG films
(Xu et al., 2007).

Figure 5.6 shows the FTIR spectra of edible filmghwincreasing biocomposite
concentrations. The broad band ranging between 26603100 ci was attributed to
O-H stretching vibration formed by the hydroxyl gpobeing the broad band around
2800-3000 cnt attributed to C-H stretching vibration (Cerqueggal., 2011). FTIR
spectra of the samples also shows a band in thienregf 750-1300 cil that is
characteristic of the carbohydrate region. Theseewambers are within the so-called
fingerprint region, where the bands are specificdach polysaccharide, allowing its
possible detectionSén and Erboz, 2010). Martins et al. (2011b) showreat the
mixture of the two polysaccharides lead to the gmes of the peaks characteristic of
thek-carrageenan (at 1220 éneorresponding to the ester sulfate groups, a peaR?2
cm® attributed to the 3,6-anhydrogalactose group,ak ¢ 846 cn corresponding to
galactose-4-sulfate and a peak at 805" @orresponding to 3,6-anydro-D-galactose-2-
sulphate) and from the Locust Bean Gum (LBG) (8ftadws absorption bands at 817
cm’ and 873 crit indicating the presence oflinked D-galactopyranose units afid
linked D-mannopyranose units). It has been showhttie interaction between the two
polysaccharides lead to changes in the peak positfiagheir main groups (Martins et
al., 2011b).
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Figure 5.6.FTIR spectra of edible films for increasing bioquosite concentrations:
(A) 0 %; (B) 0.2 % and (C) 0.4 %.

In the spectra of the films is possible to obsestidts in characteristic peaks when the
biocomposite is added. Such as those correspondi@H stretching vibrations that
shift from 2934 to 2930 and 2923 ¢rand from 2891 to 2896 and 2902 trfor the
films with 0.0, 0.2 and 0.4 % of biocomposite, sprely. The presence of a new peak
is also clear in the films when the biocompositeatiled. The peak at 1733 ¢m
corresponds to the presence of the hemicelluloaatidon in the biocomposite samples,
as explained before. The shifts of the peaks &t 1d 1190 and 1195 ¢hand the shift
from 973 to 952 and 953 ¢hwhen 0.2 and 0.4 % of biocomposite is added to the
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films, respectively, indicates a change in the patgharides fingerprint region, that can
be related with the composition of the biocompaosite

The modifications in the stretching frequenciessome groups that are involved in
interactions can be a indication of the interactetween the films constituents and the
added biocomposite, being the change (shift) ok pesition dependent of the strength
of the interaction (Wanchoo and Sharma, 2003). & n@eractions may lead to changes

in films properties (e.g. transport and mecharpcaperties).

5.3.4.2 Water vapour permeability

The utilization of edible films as packaging prasdmas as one of the major purposes to
block the moisture transfer between the food ared ghrrounding atmosphere. The
water vapour permeability (WVR)epends on many factors, such as the integritiief t
film, the hydrophilic-hydrophobic ratio, the ratim®tween crystalline and amorphous
zones, the polymeric chain mobility and the torityosf the film matrix (Miller and
Krochta, 1997; Souza et al., 2010).

Table 5.3 reports the WVP values ofcar/LBG films with different biocomposite

concentrations. The incorporation of 0.4 % of bioposite leads to lower WVP values,
being statistically differentp(< 0.05) from the films without and with 0.2 % of
biocomposite. The presence of biocomposite in ilme $tructure decrease the water
permeability of the films, that can be related wviltk increase of the matrix crystallinity
but also with the tortuosity of the films. The bomeposite dispersion in the film

increased the tortuosity that leads to a lowerditin of water molecules through the
matrix. This possibility was confirmed by the maist content of the films (Table 5.3),
where no statistically significant differences weteserved for different biocomposite
concentrations. Being so, the biocomposite do hahge the hydrophilicity of the film,

but in some way affect the tortuosity of the matalkanging the available pathways for
water molecules diffuse through the matrix. Simrsults were obtained by Martins et
al. (2011) with the incorporation of Cloisite 30cBntent in the same film composition.
The presence of 1 % of Cloisite 30B (the closeu@dbr the used in the present work)

in k-car/LBG films leads to a decrease of 6 % of theRMW&lues, in the same range of
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the value obtained with the addition of 0.4 % addamposite (1.6 %). The obtained
values are in agreement with reported results dabole films of galactomannan, and
where biocomposites and other biopolymers were ddfzasariego et al., 2009;
Martins et al., 2011b).

Table 5.3.Water vapour permeability (WVP), moisture cont@C), opacity, tensile strength
(TS) and elongation-at-break (EB) for the edibliméi with different biocomposite

concentrations.

Biocomposite WVP _
_ MC (%) Opacity (%) TS (MPa) EB (%)
concentration (10*g (m s Pa})
0% 6.29 + 0.02 24.08+1.98 536+0.07 16.49+0.30 2429 +1.13
0.2 % 7.01+0.2%5 21.71+1.8% 9.77+0.14 17.54 +0.80 24.15+0.99
0.4 % 6.19 + 0.12 21.21+058 13.48+0.3%5 19.71+0.18 24.95+0.33

5.3.4.3 Moisture content

The moisture content of the films gives informatiabout how the biocomposite
incorporation ink-car/LBG-based films can affect the water sensitiaf edible films.
Table 5.3 shows the water contentietar/LBG films with different biocomposite
concentrations. Results show that the addition iotdmposite do not lead to a
significant statistically decrease of water contgnt 0.05), allowing to conclude that
the biocomposite addition does not have signifigamfluence the hydrophobicity of
the films. These obtained values of MC are in thiege of those obtained for other

polysaccharide-based films (Garcia et al., 2006).

5.3.4.4 Mechanical properties — Tensile strength (TS) dodgation-at-break (EB)

The mechanical strength and extensibility (given T and EB, respectively) are
required for a film to resist external stress aramain its integrity when applied as
packaging for food products. The effect of the npooation of biocomposite im-

car/LBG-based films on the mechanical propertietheffilms is shown in Table 5.3.

The incorporation of biocomposite ¥acar/LBG-based films leads to higher TS values
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(p < 0.05) However, no statistically significant differencgs ¥ 0.05) are observed
when the EB values are compared. The biocompasitporation changes the TS of
the edible films, indicating a network modificatioRTIR analyses showed that the
biocomposite presence lead to some modificatioisdrchemical structure of the films,
that can be related with the improved TS. Simiksuits are shown for wheat gluten
based films, where the presence of a high ratiaytdn lead to the increase of TS
values (Kayseriliglu et al., 2003). An increase of TS has been atgmnted when
microcrystalline cellulose was added to hydroxyptopethylcellulose-based films
(Dogan et al., 2007). The obtained values are meeagent with reported results for
other polyssacharide-based films (Martins et &1® Mikkonen et al., 2007).

5.3.4.5 Opacity

Opacity is a valuable property in films once they énterfere with consumers’ choice,
but also with the capacity of the films to be aritearto light. Table 5.3 shows the values
of the opacity for the films, that in general praséow values of opacity (higher
transparency). The transparency can be reportedvesy to relate the good or lower
miscibility of the biopolymers (Li et al., 2006).h& presence and the increase of
biocomposite concentrations in the films lead io@ease of the opacity of the films.
This increase can be related with the biocompasitecture and the modification of the

film strucutre after the incorporation in the films

5.4 CONCLUSIONS

The role of biorefineries in the production of cheats (as biocomposite) and energy
from lignocellulosic materials has received speaidéntion with the fractionation of
these raw materials. In this work, autohydrolysisler selected conditions caused the
selective extraction of hemicellulose. Moreoveg tharacteristics of the hemicellulose
extracted indicate that it is a good candidate dpplication in the upgrading of
biocomposites. Results showed that the presendbeobiocomposite in-car/LBG-

based films could be used to tailor its physicalperties, being one of the benefits of
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the biocomposite incorporation the increase of lierier to water vapourTS and

opacity ofk-car/LBG-based films.
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ABSTRACT

The enzymatic saccharification kinetics of untrdateheat
straw, pretreated solids obtained by a sequence of
autohydrolysis (solubilization of hemicellulose)daorganosolv
(solubilization of lignin) were studied togethertkvitwo pure
cellulose model substrates, filter paper and Avigalo kinetic
models for glucose production were compared andirstic
constants calculated. According to the obtainedultgs
enzymatic saccharification of the autohydrolysistygated
solids (APS) proved to be more effective than whbee
organosolv pretreated solids (OPS) were used. Téemum
extent of the enzymatic conversion of cellulosaliccose was
90.88 % and 64.04 %, for APS and OPS respectiat|p6 h.
This result was probably due to an increase inssioke area for
APS and a possible inhibition by phenolic acidsadgied on the
surface of OPS, acting as a barrier for enzymatic
saccharification. Initial saccharification rate fAPS and OPS
was 0.47 g/(Lh) and 0.34 g/(L<h), respectively. ddls based
on first and second order cellulase deactivatiometkts
satisfactory predicted the behavior of glucose petidn,
however the second order model had a higher acgtinan the
first order one. Visualization of structural modétion induced
by enzymatic saccharification at 12 h for the mated solids

was done using scanning electron microscopy.
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6.1 INTRODUCTION

Agricultural residues represent a major sourcegrfocellulosic material (LCM) with

considerable potential for use in biomass convartioethanol. Wheat straw is one of
the most abundant agricultural by-products in thleldy has a low commercial value
and a large part is applied as cattle feed andrése as waste. In terms of total
production, wheat is the second most importantngcaop in the world. According to

Food and Agriculture Organization of the United iNas (FAO, 2011) statistics

reported a world annual wheat production in 200%&2 million tons and in average
the production of 1.3 kg of the harvested graiadgsompanied by the production of 1 kg
of straw; this gives an estimation of about 524lionl tons of wheat straw in 2009;
these amounts are significant enough to considexatvktraw as a complementary

source of raw material in the production of bioeiblg Petersen, 1988).

One promising technology is to convert this abundaa renewable LCM to monomer
sugars using enzymes that are to be applied aftprereatment process and the
microbes convert the sugars to ethanol. Enzynsdiaxrharification of cellulose is
generally described as a heterogeneous reacticqiensys which cellulases in an
aqueous environment react with the insoluble andastred cellulose. According to the
traditional enzyme classification system the cellgglc enzymes are divided into three
classes; 1) exo-1,8D-glucanases or cellobiohydrolases (EC 3.2.1.9Mhich move
processively along the cellulose chain and cledf’eadlobiose units from the ends; 2)
endol,48-D-glucanases (EC 3.2.1.4), which hydrolyse intefad,4-glucosidic bonds
randomly in the cellulose chain; and 3) BAD-glucosidases (EC 3.2.1.21), which

hydrolyse cellobiose to glucose and cleave glucosts from cellooligosacharides.

All these enzymes work synergistically to hydrolysellulose by creating new
accessible sites for each other, removing obstaates relieving product inhibition
(Eriksson et al., 2002; Valjamae et al., 2003; Bhes al., 2009). Consequently, these
reactions can be affected by different obstaclesttes use of high substrate
concentrations, the presence of lignin, which sisiehe cellulose chains and adsorbed

enzymes, crystallinity of cellulose, surface arpare size, degree of polymerization
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(DP) and hemicellulose content (Chang and Holtzgpp000; Arantes and Saddler,
2010).

In a recent work, Rollin et al. (2011) showed timaproving the surface area accessible
to cellulase is a more important factor than theaeal of lignin for achieving a high
sugar yield. However, due to the robust structdreG@M a pretreatment is required to
alter the structural and chemical composition, oeprg the accessibility of the
cellulose component to the action of hydrolytic ynes so that an efficient hydrolysis
of carbohydrates to fermentable sugars occurs (&ng., 2007; Kim et al., 2008;
Cybulska et al., 2010).

Autohydrolysis or hydrothermal processing is aniemmentally friendly process in

which LCM is pretreated with just compressed hotewait is based on the selective
depolymerization of hemicellulose, which is catalyzy hydronium ions generated in
situ by water autoionization and by acetic acidnfracetyl groups. Moreover,

autohydrolysis pretreatment caused re-localizabbdignin on the surface of LCM

(Kristensen et al., 2008). This process avoidgatiff steps in chemicals handling and
recovery (e.g., sulfuric or hydrochloric acid) ccemgd with dilute sulfuric acid or bases
pretreatment (Garrote et al., 2008; Gullon et 2009; Diaz et al., 2010; Ruiz et al.,
2011a).

On the other hand, industrially, lignin is foundritig the process of papermaking from
wood through conventional or sulfur-containing ligg) which include kraft lignin and
lignosulfonates. However, the major disadvantagdbeokraft process include the low
pulp yield, the high consumption of bleaching cheats to obtain bright pulp, and
formation of odorous gases (Ruiz et al., 2011aga previous work Ruiz et al. (2011b),
isolated lignin using the organosolv process, s result a production of partially
pure and high quality lignin. This pretreatment,which delignification of LCM is
performed using an organic solvent (frequently etha plus water, is an
environmentally friendly chemical process compamedh the kraft and sulfite
processes (Young and Akhtar, 1997; Shirkolaee. €2@0D8).

For the all mentioned above, the objective of presdhapter was to investigate the

susceptibility to enzymatic saccharification oftpeated solids after autohydrolysis and
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the sequential autohydrolysis-organosolv processespared with untreated wheat
straw and two model substrates (filter paper antélyand to find an adequate model,
using first and second order kinetics, to desctiteeenzymatic saccharification of the

different substrates.

6.2 EXPERIMENTAL PROCEDURES

6.2.1 RAW MATERIAL

The wheat straw used in this study was kindly pdedi by a local farmer (Elvas,
Portugal). Wheat straw was cut into small piece8 ¢in) and milled using a laboratory
knife mill (Cutting Mill SM 2000, Retsch, GermanyJhe material composition was
previously analyzed by Ruiz et al. (2011a) andrtparticle size distribution (w/w %)

was as follows: 10 % > 1 mm; 40 % between 1-0.5 @6 between 0.5-0.3 mm; and
10 % to < 0.3 mm.

6.2.2 WHEAT STRAW PRETREATMENT BY AUTOHYDROLYSIS PROCESS

Milled wheat straw samples were mixed with wateotider to obtain a 1:10 solid/liquid
mass ratio and treated in a 3.75 | total volumenlgtss steel reactor (Parr Instruments
Company, Moline, lllinois, USA) with PID temperagucontrol. The moisture content
of wheat straw was considered as water in the mbtelances. The reactor was filled
and heated to 180 °C at a heating rate of 3 °C/amtl reaching the desired
temperature, the reaction time was 30 min, thesalitons having been previously
evaluated by Ruiz et al. (2011a). After completthg reaction time, the reactor was
cooled down at a rate of about 3.2 °C/min and ieaton speed was set at 135 rpm. At
the end of the treatment, the liquid and solid phasere separated by centrifugation
and the solid residues were washed several timebd wistiled water. The
characterization and quantification of structuratbohydrates, sugars and degradation

products in both solid and liquid phases has beemiqusly reported by Ruiz et al.
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(2011b). Autohydrolysis was performed in order to achieve fractionation, mainly related
to the selective removal of hemicelluloses and also to help solubilize the extract and
facilitate the access by delignification reagents. The autohydrolysis pretreated solids
(APS) were used as substrate for enzymatic saccharification and for delignification by

organosolv process (see Figure 6.1).

Wheat straw

l Water

. Enzymatic Buffer
Milled saccharification Bnzvme
Water » Aut.ohy“dr?lyslls L Liquid phase
T =180°C,30 min (hemicellulose containing)
Solid phase (APS)
(cellulose+lignin containing)
l Y
: Water
Water/ethanol —— O‘rganosoly —— Liquid phase EnzY{natlc_ |l«—— Buffer
T =180 °C, 20 min (lignin containing) saccharification Enzyme
Solid phase (OPS) l
v Glucose
Water "
Bu‘;}i‘r Enzymatic
Enzvme saccharification
4

Glucose

Figure 6.1. Schematic representation of the sequence autohydrolysis and organosolv process.

6.2.3 DELIGNIFICATION BY ORGANOSOLYV PROCESS

The solid residue obtained after autohydrolysis pretreatment was delignified by the
organosolv process using an aqueous solution of 40 % (v/v) ethanol and 0.1 % (W/v)
NaOH. The used conditions, previously defined (Ruiz et al., 2011b) for an efficient

lignin removal from wheat straw were solid/liquid ratio: 1:10 w/v, temperature: 180 °C
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and time: 20 min. These experiments were carried imubatch cylinder reactors
fabricated from 316 stainless steel having a lemgth2.5 cm, an outside diameter of
4.93 cm, wall thickness 0.91 cm and a nominal va@uh 160 mL Figure 6.2. The
reactor was closed and mounted vertically and thdmmerged in an oil bath open
heating circulator (JULABO Labortechnik GmbH, Seslb, Germany) with
temperature control, previously heated to the ddsieaction temperature. At the end of
the reaction, the reactor was removed from thédath and immediately cooled down
by soaking in an ice-water bath for 5 min. Thedwgal solid material was separated via
vacuum filtration and washed with distilled wateQuantification of structural
carbohydrates of solid residue was performed aaugrtb the procedure reported by
Ruiz et al. (2011b). The organosolv pretreateddsalOPS) were used as substrate for

enzymatic saccharification

Temperature controller

(o< |

o e PN

] Motor
Heater

Stirrer —— 4.02cm L.D.

Reactor Stainless steel cap

— 4.93 cm O.D.

12.5¢m

Thermocouple Y

Qil bath

Figure 6.2.Schematic of batch system for organosolv pretreatme

6.2.4 ENZYME

Commercially available enzyme solutions, cellulaBem Trichoderma reesei
(Celluclast 1.5L) and3-glucosidase fromAspergillus niger(Novozym 188), were
kindly supplied by Novozymes A/S (Bagsvaerd, Derknafhe cellulase activity from
Celluclast 1.5 L was analyzed in terms of FPU iroadance with the standard
analytical methods established by the National Rebé Energy Laboratory (Adney
and Baker, 1996). One unit of filter paper cellel@&8PU) was defined as the amount of
enzyme which produces 2.0 mg of reducing sugar 6mrmg of filter paper within 1h.

The experiment was carried out in a reaction metoontaining 0.5 mL of diluted
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enzyme solution, 1.0 mL of 50 mM citrate buffer (g8), and 50 mg of a 1 x 6 cm
strip of a Whatman No. 1 filter paper. The reactotution was incubated at 50 °C for
1h. Then the concentration of the released redusumgar was measured using an
adaption of the 3,5-dinitrosalicylic acid (DNS) inetl (Goncalves et al., 2010). The
glucosidase activity was determined for Novozym.IB& p-glucosidase activity was
measured by incubating the enzyme solution with M np-nitrophenyl$-D-
glucopyranoside and 50 mM sodium citrate buffer ¢gaH) at 30 °C for 15 min. The
reaction was stopped by addition of @0of 1 M Na2CO3 and the amount of liberated
p-nitrophenol measured spectrophotometrically & . One unit of activity (IU) was
defined as the release ofuinol of nitrophenol per minute. The enzyme actigite
commercial concentrates were 43.05 FPU/mL for €kt 1.5 L and 576.39 Ul/mL
for Novozym 188.

6.2.5 ENZYMATIC SACCHARIFICATION

The APS, OPS and untreated wheat straw were usadasstrateRigure 6.} and two
pure cellulose model substrates were also usedcdarparison (a microcrystalline
cellulose Avicel PH-101 and Whatman No. 1 filteppg. Enzymatic saccharification
were performed in a jacketed glass reactor withoaking volume of 50 mL (total
volume of 75 mL) at 50 °C by duplicate, using dele (Celluclast 1.5 L) anfl-
glucosidase (Novozyme 188) with a loading of 40 FPlNnd 60 IU/g of cellulose,
respectively, in 50 mM citrate buffer (pH 4.8) wizh% (w/v) sodium azide to inhibit
microbial contamination and a final cellulose cancation of 1 % (w/v) as described
by Dowe and McMillan, (2001) and Selig et al. (2p08

The necessary amount of deionized water was caédcllnd added to make the total
volume of 50 mL. Novozyme 188 was supplementedoider to eliminate the
inhibition effect of cellobiose (Coward-kelly et.,aP003). Agitation was carried out
using a magnetic stirrer (150 rpm) and samples waken at 3 h intervals for the first
12 h and at 24 h intervals until a total time ofl@6The samples were kept in boiling
water for 5 min to inactive enzymatic activity, atieén centrifuged at 8260 x g for 10
min to remove insoluble substrate; the supernatastfiltered through a 02m sterile

membrane filter and analyzed for soluble sugadeasribed below.
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The saccharification yield (%) was calculated adowy to Equation (6.1) (Dowe and
McMillan, 2001).

Saccharification Yield (%) (6.1)

[Glucose] + 1.053 Cellobiose]
= - x100%
1.111f[Biomass]

where [Glucosg is glucose concentration (g/L)Cgllobiosé is cellobiose concentration
(g/L), [Biomas$ is dry biomass concentration at the beginningtlté enzymatic
saccharification (g/L), f is cellulose fractiondmny biomass (g/g), 1.111 is the factor that
converts cellulose to equivalent glucose and tlotofal.053 converts cellobiose to

equivalent glucose.

6.2.6 ANALYSIS OF SUGARS BY HPLC

Glucose and cellobiose were quantified by HPLC ilaaco 880-PU intelligent pump
(Tokyo, Japan) chromatograph equipped with a réfacindex detector and a
Metacarb 87 H (300 x 7.8 mm, Varian, USA) columhr@natographic separation was
performed under the following conditions: mobileaph 0.005 M 5Oy, flow rate 0.7
mL/min, and column temperature 60 °C. The volumected was 2Qul per sample.
Sugars concentrations were determined using cibbraurves obtained from standard
solutions (Ruiz et al., 20011b).

6.2.7 MODELING THE KINETICS OF GLUCOSE PRODUCTION

The kinetic model used in this work was propose@&bgn and Agblevor (2008a,b) and
modified by Zhang et al. (2010). The models arecfiem of three-constants that
directly express the relationship between glucosaedyction and two hydrolytic
conditions (time and initial enzyme concentratiolf)e assumptions of the model are:
1) cellulase enzyme containing engld-4-glucanase, ex@-1,4-cellobiohydrolase and
glycosidase and assuming a single combined effedheé hydrolysis of insoluble

substrate; 2) surface structure of insoluble sabestwas considered homogeneous.
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When cellulase deactivation is considered as & d¢irder reaction, the model is as

follows:

(6.2)

and when cellulase deactivation is considered aseeond order reaction, the

mathematical model for sugars production is:

i 6.3)
Ke E KeKdez
[P] = [SO]X 1-— [1 + ﬁkdeztl

where P] is the glucose concentration (g/lt),is the hydrolysis time,§)] and [Eg
represent initial substrate and enzyme (g/L), retbpaly, Ke is the equilibrium constant
(g/L), ko is the constant of product formation‘fhkge; andkge, are the first order (H
and second order (L/(h*g)) rate constants of ca#lel deactivation. The glucose
concentration profiles for first and second ordsaction were fitted using the nonlinear
regression analysis of POLYMATH 6.10 software (Pod#gh Software, Willimantic,
CT, USA).

6.2.8 SCANNING ELECTRON MICROSCOPY

The scanning electron microscopy (SEM) analysis veasried out to show
morphological changes of enzymatic saccharificabbpretreated solids. The images
were visualized by a scanning electron microscofm/é NanoSEM 200, Netherlands)
and photographed. Samples were coated with a lafygold by sputtering with an

accelerating voltage varying to 5 kV.
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6.3 RESULTS & DISCUSSION

6.3.1 EFFECT OF AUTOHYDROLYSIS AND ORGANOSOLV PRETREATMENT

ON THE COMPOSITION OF THE SOLID PHASE

The chemical composition of APS, OPS, untreated alvteraw and two model
substrates Avicel and filter paper are presentefiinle 6.1. The initial composition of
the wheat straw (untreated) showed that the cekulglucan) was the most abundant
fraction (37.4 %), followed by hemicellulose (334 and Klason lignin (19.4 %), these
values being in the range reported for wheat s{@zabihi et al., 2010). The solid phase
composition of APS showed that the hemicelluloseteat was reduced from 33.8 to
7.84 % confirming the extensive removal causedreyreatment; cellulose content was
63.7 % and Klason lignin 26.91 %, revealing that ¢kllulose was almost not affected
by the autohydrolysis process and a solid residille icreased cellulose and lignin
concentration was obtained. These results are rieeagent with Gullon et al. (2010)
that observed a similar behavior for rye straw. Kiason lignin content follows a
similar pattern to cellulose and the majority o fignin content remained in the solid

phase.

Table 6.1.Chemical composition, expressed as % of dry maitamtreated

wheat straw and solid residues after autohydrobsisorganosolv treatment.

Component Untreated Autohydrolysis®  Organosolv  Avicel®  Filter papef’
Cellulose 37.4+0.9 63.7+0.6 75.8660.93 >97 > 98
Hemicellulose 33.80+ 0.5 7.84+0.13  6.63:0.25

Klason Lignin  19.4+ 0.9 26.91+ 0.39 16.18 0.4

Others® 9.4+ 0.5 155+0.86 1.33:0.29

2Data published in Ruiz et al. (2011b).
® Data published in Ruiz et al. (2011a).
¢Data published in Qing et al. (2010).

9 Data published in Geng et al. (2010).

€Others components may include ash, protein and@ktes.
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The solid material obtained after autohydrolysiss wialignified using the organosolv
process, and a solid phase with cellulose conteib®6 % and 16.18 % of the lignin
was obtained, while the hemicellulose content washér reduced to 6.63 %. The
partial delignification resulted in the removal 28 % of the Klason lignin. Moreover,
the composition of Avicel and filter paper is shawe Table 6.1, containing more than
97 and 98 % of cellulose, respectively. These madbktrates have the advantage of
not containing lignin (Kristensen et al., 2009). retent studies Alfaro et al. (2009)
reported that the susceptibility of different LCM tlelignification depends on the
content and structural characteristics of ligniyri(syyl and guayacyl units); also Hallac
et al. (2010) reported a reduction of Klason ligliom Buddleja davidii of 37.19 % at
similar conditions of the described organosolv n@@iment using sulfuric acid as

catalyst.

6.3.2 ENZYMATIC SACCHARIFICATION OF AUTOHYDROLYSIS AND

ORGANOSOLV PRETREATED SOLIDS

The profile of enzymatic saccharification yield l{ase to glucose) is shown in Figure
6.3A. The maximum saccharification yields were 8098, 64.04 % and 30.36 %, for
APS, OPS and untreated straw respectively, and veached at 96 h. For filter paper
and Avicel, the obtained yields were 93.98 % andb9%6 correspondingly. The
saccharification yield of APS and OPS showed sigait differences compared to the
untreated wheat straw. The data indicated thaetizgmatic saccharification yield was
improved by autohydrolysis with similar values atcsharification yield reported (Lee

et al., 2009) using the same pretreatment.

Diaz et al. (2010) reported a saccharificationdyief 94.85 % using autohydrolysis
pretreatment at severity conditions (218.3 °C/ 3@)nand rapeseed straw as raw
material. According to Zhao et al. (2009), the agéydrothermal pretreatment caused
the hemicellulose solubilization, allowing an imped enzymatic saccharification
yield, as enzyme accessibility to the LCM structuréhe pretreated material is favored,
increasing the potential of cellulose sacchariftoat
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Figure 6.3. Kinetic profile of enzymatic saccharification. (A) Saccharification yield of each
substrate; (B) Initial saccharification rate of each substrate. dG/df represents the initial

saccharification rate calculated from the saccharification rate at 0-12 h.
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Moreover, physical changes by autohydrolysis pagtnent that improve the enzymatic
saccharification include an increase in pore sizerthance enzyme penetration and an
increase in accessible area that has been showorrelate well with the susceptibility
of these substrates to enzyme saccharification gbidi Wyman, 2005; Cybulska et al.,
2010). Rollin et al. (2011) showed that improvitige surface area accessible to
cellulase is a more important factor for achievanigigh sugar yield, suggesting that the
amount of lignin remaining in the autohydrolysidid® is not a main obstacle for

enzymatic saccharification.

On the other hand, the saccharification yield otadi from OPS (Figure 6.3A) was

lower compared with the obtained from APS. Thegtefication through organosolv

pretreatment did not increase the saccharificat®imilar values of saccharification

yield (52.6 %) have been reported by Cara et 8062 using peroxide delignification

after steam pretreatment. These results are ireagmet with the data showed by Liao et
al. (2005) for enzymatic saccharification of deifged manure.

To explain this behavior it has been suggesteddtang solid delignification using a
physicochemical pretreatment as organosolv, ligeiroften modified or degraded,
resulting in demethylation and solubilization ornf@tion of simple and oligomeric
phenolics (Zhao et al., 2009). These phenolicsaar@ re-deposited on the surface of
the pretreated solid acting as a barrier for enzygnsaccharification (Anderson et al.,
2008). In a previous work Ruiz et al. (2011b) répdrthe production of these phenolic
acids compounds after applying the organosolv m®@e the delignification of wheat
straw. Tejirian and Xu (2011) suggested that sengpid oligomeric phenolics were the
most inhibitory to enzymatic saccharification, lgeiimrmed at inhibitory levels when
biomass pretreatments are carried out at high #ligl. According to Kim and Mosier
(2009), the solubilization of lignin and lignin éexd phenolic compounds during the
pretreatment might have a negative impact on theracof enzymes during the
hydrolysis due to unspecific binding of enzyme. dge et al. (2008) showed that the
primary causes of inhibition of the enzyme actioe the soluble compounds (acetic

acid, phenolic compounds).

In respect to untreated wheat straw, a cellulosevexsion yield of 30.36 % was
obtained. Thus, the sequence of autohydrolysiscaganosolv pretreatments increased
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saccharification compared to untreated wheat stavgh is in general agreement with
literature data (Rémond et al., 2010). Howevers gaquential treatment proved to be

less effective than the autohydrolysis with noHartprocessing.

Complementary, the saccharification of APS and @RS compared with the action of
the enzymes in two model substrates, filter paped @vicel, under the same
conditions. These substrates are of course noticdé¢rio the LCM. However, these
profiles allow observing the performance of theyemas on pure cellulose substrate.
Saccharification profiles of these model substratesshown in Figure 6.3A. Cellulose
saccharification yield of filter paper was 93.98Whiile for Avicel was 79.59 % at 96 h.
Therefore, knowing that the degree of polymerizat{®P) of filter paper is much
higher than the obtained with Avicel, Gupta and [Z#09) showed that the DP of these
substrates plays a significant role in enzymateckarification. The filter paper is more
accessible to saccharification than APS, OPS, atede wheat straw and Avicel.
Moreover, the catalytic activity of the enzyme isntolled by the chemical
characteristics of cellulose, for the case of Aviwéh less DP and high crystallinity

these being the main reasons for the sluggish aa@ichtion (Gupta and Lee, 2009).

Results obtained in the present study are compdangrably to those described in
previous works (Bak et al., 2009; Kristensen et2009). This in contrast with results
published in our previous work (Ruiz et al., 201fdporting the crystallinity index for
untreated wheat straw, APS and OPS. Crystallinitex of wheat straw increased after
autohydrolysis pretreatment from 21.3 % to 55.1%@8d a crystallinity index of 53.59
% for organosolv pretreated solids was obtainedvéver, the increased crystallinity
did not negatively affect the enzymatic sacchaatfan of APS. Dogaris et al. (2009)
reported an increased crystallinity of 48.16 % 838 % for sorghum bagasse treated
with hydrothermal processing. No significant coatedn between crystallinity of
pretreated solids from autohydrolysis and enzymsdiccharification was reported by
Lee et al. (2010).

On the other hand, the initial saccharificationerdtG/d) is calculated from the
saccharification that occurs in the first 12 h (shape of glucose concentration vs time)
and is shown in Figure 6.3B. The initial saccheatfion rate of APS and OPS were 0.47
g/(Leh) and 0.34 g/(L+h), respectively. Untreatecheat straw had a low initial
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saccharification rate of 0.16 g/(L<h). With respéatthe model cellulosic substrates
filter paper and Avicel, the initial saccharificai rate is 0.66 g/(L*h) and 0.33 g/(Leh),
respectively. The APS significantly increases tleecharification rate, 56 % of
conversion being achieved at 12 h, while the sadateion of OPS and Avicel had a
similar performance achieving 35.59 % and 36.42f%oaversion, respectively, at the
same 12 hours. Untreated wheat straw showed a womneof 17.73 % at 12h.
Obviously, the filter paper achieves an 81.41 %veosion, as might be expected from

the comments mentioned above.

6.3.3 M ODELING OF ENZYMATIC SACCHARIFICATION

The experimental glucose data concentration peofilethe enzymatic hydrolysis of
different substrates, were fitted using the firatl aecond order kinetic models, and
results are shown in the Figure 6.4A-E. The fitedstant¥e, ko, kje1 andkye2 and the
correlation coefficients? are listed in Table 6.2.

In all cases, a good agreement with the experirheasalts was obtained (correlation
coefficient, R > 0.97). However, the correlation coefficient \alB for the second
order kinetics is better than for the first orddre equilibrium constant Kand the
constant of product formation lkor the second order model were smaller thanter t
first order, the first order Kvalue deviating greatly from the second order dhe;
constants of deactivationyd and ke> were not significantly different. Therefore, the
second order reaction models based on the comelabefficient values¥? for all
substrates allow a satisfactory prediction of kineaccharification behavior. Zhang et
al. (2010) also reported a better performancehfersecond order kinetic model than for

the first order one on enzymatic saccharification
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Figure 6.4.Kinetic modeling for glucose concentration by enayimsaccharification. (A)
APS; (B) OPS; (C) untreated wheat straw; (D) fiftaper; (E) Avicel. Experimental valueg);

modeling based orfbrder reaction (- - - -); modeling based 8rofder reactionc().
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Table 6.2 Model parameters from Eq. (6.2) and (6.3) fordtiterent kinetics of autohydrolysis and organesol

pretreated solids, untreated wheat straw, filtgrepand Avicel.

Autohydrolysis Organosolv Untreated Filter pape Avicel

Parameters Eq. (6.2) Eg. (6.3) Eq. (6.2) Eg. (6.3)Eq. (6.2) Eq. (6.3) Eq. (6.2) Eq. (6.3) Eq2§6. Eq. (6.3)

Ke 101.99 491 1010.99 9.93 238.79  97.63 273.69.25 0 808.99  0.904
k, 0.45 0.11 3.50 0.14 0.20 0.17 3.11 0.59 2.92 0.05
Kée1 0.05 - 0.063 - 0.07 - 032 - 0.02 -
TP — 0.079 - 0.068 - 0.05 - 023 - 0.06
R 0.981  0.999 0.976  0.999 0.975  0.999 0.995  0.996 0.983  0.991
RPad] 0.977  0.998 0.971  0.998 0.969  0.999 0.994 993. 0.980  0.989
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6.3.4 SCANNING ELECTRON MICROSCOPY

Differences in fiber structure between APS and GBiSstrates are presented in Figure
6.5A-B. SEM image of autohydrolysis (Figure 6.5Agarly shows a destruction of the
fibers at 12 h of saccharification (56 % of sacdlaation yield and 0.47 g/(Leh) initial
saccharification rate), demonstrating that thecstme fiber was destroyed, explaining

the behavior of the saccharification yield and gheconcentration.

Figure 6.5.SEM images of enzymatic saccharification at 12hAPS; (B) OPS
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In the case of OPS, the saccharification efficieag initial saccharification rate: 35.59
% and 0.34 g/(L*h), respectively, were lower thha values presented for APS. These
results together with images presented in Figub&®, where significant structural
changes are observed, indicate once again the famporole played by the above
mentioned inhibitory products formed during the amgsolv treatment on the

saccharification reaction.

6.4 CONCLUSIONS

This work demonstrates the suitability of wheaawstitreated by autohydrolysis or by
autohydrolysis followed by organosolv process tozyematic saccharification.

Enzymatic saccharification conversion yield andctiem rate was higher for the
autohydrolysis pretreated solids than for the solisubjected to a sequential
autohydrolysis/organosolv treatment. The model dasethe second order kinetics for
cellulase deactivation was accurate on the desmiptf the enzymatic saccharification
process of all the studied substrates. This moakelprovide useful indications for the
optimization of the kinetics of enzymatic saccheafion of insoluble substrate for

industrial applications.
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BIOETHANOL PRODUCTION FROM

AUTOHYDROLYSIS PRETREATED WHEAT
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ABSTRACT

The simultaneous saccharification and fermentgi88F) process
of lignocellulosic materials requires the utilizati of
microorganisms capable of working at high tempeestiu The
selection ofSaccharomyces cerevisiagrains able to ferment
sugars obtained from lignocellulosic material amperatures
above 37 °C with high ethanol yield has become cessity. In
this chapter, a flocculars. cerevisiaeCAl1l was evaluated for
their ability to grow and ferment glucose in a t@mgture range
of 40 - 50 °C. Maximum ethanol production obtaifresn 50 g/L
glucose were 24.12 and 24.38 g/L at 40°C and 45 °C,
respectively. Growth and ethanol production de@eas 50 °C.
Autohydrolysis pretreated wheat straw with higHudeke content
(> 60 %) at 180 °C for 30 min was used as substimate
simultaneous saccharification and fermentation |§Bécess for
bioethanol production b$. cerevisiadcAll. In order to evaluate
the effects of temperature, substrate concentrgtsneffective
cellulose) and enzyme loading on: 1) ethanol caiearyield, 2)
ethanol concentration, and 3) €Qoncentration a central
composite design (CCD) was used. Results showed tttea
ethanol conversion yield was mainly affected byyemz loading,
whereas for ethanol and G@oncentration, enzyme loading and
substrate concentration were found to be the migstifisant
parameters. The highest ethanol conversion yielBbof1l % was
obtained at 30 °C, 2 % substrate and 30 FPU ofreaedgading,
whereas the maximum ethanol and &0ncentrations (14.84 and
14.27 g/L, respectively) were obtained at 45 °@ Substrate and
30 FPU of enzyme loading, corresponding to an ethgield of
82.4 %, demonstrating a low enzyme inhibition argbad yeast
performance during SSF process.
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7.1 INTRODUCTION

Bioethanol is an increasingly important alternativel for the replacement of gasoline,
with a world production in 2009 of 19,535 million§ gallons and an estimate, only for
USA in 2022, of 36,000 millions of gallons. It isus expected that the production of
bioethanol will keep on increasing in the next texars (Figure 7.1) (RFA, 2009).
Second-generation bioethanol obtained from ligrodic materials (LCM) has
received major attention due to their abundanceirimidense potential for conversion
into sugars and fuels. However, there are relewvastacles such as production costs,
technology and environmental problems that nedoketovercome in the production of
second-generation bioethanol (Linde et al., 20G3h & al., 2010).

Wheat straw is one of the most abundant agricultbyaproducts, presents a low
commercial value and most of it is being used #tecieed and waste. In terms of total
production, wheat is the second most importantngcaop in the world. FAO statistics

(2011) reported a world annual wheat productior2®9 of 685 million tons and, in

average, the harvesting of 1.3 kg of grain is aquamed by the production of 1 kg of
straw; this gives an estimation of about 527 millions of wheat straw in 2009, an
amount that clearly justifies the need to considbeat straw as a complementary
source of raw material for the production of bi@etbl (Petersen, 1987).

The process for the production of second-generaiioethanol includes three main
steps: pretreatment, enzymatic hydrolysis and fatat®n. Autohydrolysis
(hydrothermal processing), a pretreatment basethénuse hot compressed water,
presents several advantages: no chemicals otherwhter are needed, no problems
derived from equipment corrosion occur, toxic coomuis formation is minimized, a
high recovery of valuable hemicellulose deriveddocis is obtained and cellulose
structure is made susceptible to enzymatic hydimif®omani et al., 2010; Ruiz et al.,
2011a).

Simultaneous saccharification and fermentation [S8Bcesses, firstly described by
Takagi et al. (1977), combine enzymatic hydrolysiscellulose with simultaneous

fermentation of the obtained sugars to ethanolaedone the most promising process
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option for bioethanol production from LCM (Olofssen al., 2008). SSF process has
shown to be superior to separate hydrolysis anddetation (SHF) in terms of overall
ethanol yield. Furthermore, SSF reduces the prowedsne, which in turn leads to
increases in ethanol productivity as a consequehtiee fast conversion of glucose to
ethanol by the fermenting microorganisms, that cedithe enzymes inhibition due the
presence of sugars. Reduction in equipment cosi$ses obtained by performing the
hydrolysis and fermentation in a single reactorweeer, differences between the
optimal temperatures for cellulose activity andsgegrowth is an issue that needs to be
solved for an efficient SSF. The optimal tempemfior cellulase enzymes (about of 50
°C) is higher than the tolerance range reportedhbymost used yeast for industrial
ethanol production (about 30-37 °C) (Faga et @102 Krishna et al., 2001). This
requires the matching of the temperature conditioegquired for the optimum

performance of the enzymatic and the fermentingaoniganism.
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Figure 7.1.Trends in U.S fuel ethanol productiol”; ( ) realdarction; @) estimate production.

The points represent the trend model.

On the other hand, yeasts isolated from extreme@aments, exhibit the capability of
growth at high temperatures while producing ethaagbroof of this is the industrial

ethanol fermentation in some tropical countrieBieil where fermentation takes place
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at ambient temperatures and during the procestethpeerature can reach 41 °C as, due
to its expensive costs (Vianna et al., 2008), naliog systems are used. This requires
the use of yeast strains able to produce high ethaelds at such high temperatures.
Abdel-Banat et al. (2010) demonstrated that iffdrenentation step could be performed
at higher temperatures, for instance within a 40&0ange, significant cost reductions
in fuel ethanol production could be obtained. Adeges of processing at higher
temperatures include a more-efficient simultanesacscharification and fermentation,
significant reduction of contamination and a comtins shift from fermentation to
distillation (Shi et al., 2009).

Additionally, the use of flocculating yeasts is oakthe most interesting ways to
provide an increase of the efficiency of bioethgmaduction processes as a significant
reduction of capital costs is achieved with thenetation of centrifugation (or at least a
substantial reduction of the demand for such aremesipe operation), making the
process more competitive. The flocculation of yeadls is a reversible, asexual and
calcium-dependent process in which cells adhefferta flocs consisting of thousands
of cells, the use of high cell density systems peanvestigated and used for separating
yeast cells from beer in the brewing industry. &ctf these systems present several
advantages as reduced downstream processing asts, of the biomass for extended
periods of time, higher productivity, protectionaatst ethanol stress and resistance to
contamination by other microorganism (Vicente et 8098; Domingues et al., 2000;
Verstrepen et al., 2003; Soares et al., 2011; ZrabBai, 2009). Overall, improved
efficiency of the SSF will be obtained by using eagt strain that can work at higher
temperatures and has flocculant properties.

The first objective of this chapter was to inveategthe performance &accharomyces
cerevisiaeCA11 in the production of ethanol at elevated terapges. Moreover, the
effect of SSF operating conditions (temperaturdgssate and enzyme loading) of
autohydrolysis pretreated wheat straw on ethanaldyiethanol and COproduction

with a flocculating strairSBaccharomyces cerevisi&A1l1l, using a central composite

experimental design, was evaluated.
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7.2 EXPERIMENTAL PROCEDURES

7.2.1 YEAST STRAIN CULTIVATION

The flocculatingS. cerevisiadCAl1l was obtained from the microbial collectiontfae
Microbial Physiology Laboratory/Department of Biglofrom the Federal University of
Lavras (UFLA), Brazil. The flocculating yeast stravas isolated from a “cachaca”
distillery in the state of Minas Gerais, Brazil anged in all the fermentation
experiments. The strain was kept on agar platesemageast extract 10 g/L, peptone
20 g/L, agar 20 g/L and D-glucose 20 g/L as antawwil carbon source at 4 °C.

7.2.2 EVALUATION OF A FLOCCULANT SACCHAROMYCES CEREVISIAE AT

DIFFERENT TEMPERATURES

Fermentations were performed in 100 mL Erlenmeyasks with 50 mL of sterile
culture medium YPD (10 g/L yeast extracted, 10 pgptone, 50 g/L glucose); glucose
was sterilized (121 °C/15 min) separately fromdtieer components to prevent damage
to the nutritional qualities of the medium. Onegdoof S. cerevisiadCA1l from agar
plate was aseptically transferred to the fermemtatnedia. Flasks were stoppered with
cotton plugs and incubated in an orbital incubatot0, 45 and 50 °C, 150 rpm for 24 h.
Samples of 1 mL were withdrawn aseptically withriggepipette tips at 3 h intervals for
the first 9 h and at 24 h. Samples were immediatehtrifuged at 8268 g for 10 min.
Supernatant samples were filtered through |2 sterile membrane filter. Ethanol,
glucose, glycerol were measured directly by HPIs€e(below). The theoretical ethanol

yield was calculated as:

[EtOH] (7.1)

EtOH yield (%) = W -100

where [EtOH] is the final ethanol concentrationLjg/[lg] is the initial glucose
concentration (g/L) and 0.511 is the conversiondiator glucose to ethanol based on

the stoichiometry of the reaction.
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Yeast (biomass) growth was monitored by cell cognising hemacytometer chamber
(Neubauer chamber) and viability was obtained uiegmethylene blue method after
appropriate dilution of the samples in NaCl solat{@5 g/L) to prevent cell aggregation
after deflocculation (Mills, 1941). The yeast viili was calculated as the ratio
between viable (non-stained) and total cell coulRts.the flocculent strain, cells were
harvested by centrifugation; the biomass was defilated according to the procedure
described by Vicente (1997), pellets were washedinZes with 50 mM of

ethylenediaminetetra-acetic acid (EDTA) solutianofder to remove the EDTA, a final
wash was performed with ultrapure water and theepetsuspended in 15 g/L of NacCl

pH 4.0. All determinations were performed in dugle

7.2.3 RAW MATERIAL

The wheat straw used in this study was kindly pdedi by a local farmer (Elvas,
Portugal). Wheat straw was cut into small piece8 ¢in) and milled using a laboratory
knife mill (Cutting Mill SM 2000, Retsch, GermanyJhe material composition was
previously analyzed by Ruiz et al. (2011a) andrtparticle size distribution (w/w %)

was as follows: 10 % > 1 mm; 40 % between 1-0.5 @D between 0.5-0.3 mm; and

10 % to < 0.3 mm. The same batch of raw material wged for all experiments.

7.2.4 WHEAT STRAW PRETREATMENT BY AUTOHYDROLYSIS PROCESS

Milled wheat straw samples were mixed with wateotider to obtain a 10:1 liquid/solid
mass ratio and treated in a 3.75 | total volumenlgiss steel reactor (Parr Instruments
Company, Moline, lllinois, USA) with PID temperagucontrol. The moisture content
of wheat straw was considered as water in the mbtelances. The reactor was filled
and heated to 180 °C at a heating rate of 3 °C/amtl reaching the desired
temperature, the reaction time was 30 min, thesalitons having been previously
evaluated by Ruiz et al. (2011a). After completthg reaction time, the reactor was
cooled down at a rate about of 3.2 °C/min and thaton speed was set at 135 rpm.
Figure 7.2 shows a typical heating and cooling terajure profile obtained for a
experiment done in triplicate at 180 °C, confirmthg excellent reproducibility of the
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process. At the end of the treatment, the liquid aalid phases were separated by
centrifugation and the solid residues were washiéu distilled water. Quantification of
structural carbohydrates, sugars and degradatiodupts in both solid and liquid
phases has been previously reported by Ruiz €2@L1b). The solid residue was used

as substrate for simultaneous saccharificationfamdentation.
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Figure 7.2. Heating profile for autohydrolysis peettment at 180 °C for 30 min.

7.2.5 YEAST INOCULUM PREPARATION

Yeast for inoculation was grown in 250 mL Erlenmeflasks with 125 mL of sterile
culture medium containing 50 g/L glucose, 10 g/btpee, 10 g/L yeast extract, 0.5 g/L
(NH4):HPO, and 0.5 g/L MgSQ7H,0; glucose was sterilized separately from the other
components to prevent damage to the nutritionalitgegaof the medium. Yeast growth
was carried out at 30 °C and 150 rpm in an orlsteker for 10-12 h. The cell
suspension was aseptically collected by centrifogatl5 min at 7885 g, 4 °C) and
suspended in sterile 0.9 % NaCl to a concentratfd®00 mg fresh yeast/mL. The yeast
cells were inoculated at about 8 mg fresh yeast/imd. 50 mL of culture medium to
start the fermentation (Pereira et al., 2010).

Process development for bioethanol production using wheat straw
biomass

Héctor A. Ruiz-Leza UNIVERSIDADE DOMINHO, 2011



Chapter 7 D155

7.2.6 ENZYME

Commercially available enzyme solutions, cellulaBem Trichoderma reesei
(Celluclast 1.5 L) and3-glucosidase fromAspergillus niger(Novozym 188), were
kindly supplied by Novozymes A/S (Bagsvaerd, Derknarhe cellulase activity from
Celluclast 1.5 L was analyzed in terms of FPU iroadance with the standard
analytical methods established by the National Rebhée Energy Laboratory (Adney
and Baker, 1996). One filter paper unit (FPU) dfutase was defined as the amount of
enzyme which produces 2.0 mg of reducing sugar 86rmg of filter paper within 1 h.
The experiment was carried out in a reaction metoontaining 0.5 mL of diluted
enzyme solution, 1.0 mL of 50 mM citrate buffer (g8), and 50 mg of a 1 x 6 cm
strip of a Whatman No. 1 filter paper. The reactotution was incubated at 50 °C for
1h. Then the concentration of the released redusumgar was measured using an
adaptation of the 3,5-dinitrosalicylic acid (DNSktnod (Gongalves et al., 201
glucosidase activity was determined for Novozym.IB& 3-glucosidase activity was
measured by incubating the enzyme solution with M np-nitrophenylf-D-
glucopyranoside and 50 mM sodium citrate buffer ¢gaH) at 30 °C for 15 min. The
reaction was stopped by addition of @®f 1 M NaCO; and the amount of liberatgd
nitrophenol was measured spectrophotometrically0&t nm. One unit of activity (1U)
was defined as the release gfirhol of nitrophenol per minute (Ruiz et al., 201Phe
enzyme activities of commercial concentrates w&.€3 FPU/mL for Celluclast 1.5 L
and 576.39 Ul/mL for Novozym 188.

7.2.7 SIMULTANEOUS SACCHARIFICATION AND FERMENTATION

The SSF experiment was conducted in accordance MREL standard procedure
(Dowe and McMillan, 2001). The fermentations weegfprmed in 100 ml Erlenmeyer
flasks and each one was equipped with a thick nukbepper, through which one
stainless-steel capillary had been inserted; theriex tip was submerged in glycerol.
Glycerol was used as a lock to prevent oxygen lafflsion to the medium, while
permitting evolved C@to leave the flask and to maintain anaerobic deye (Figure
7.3).

Process development for bioethanol production using wheat straw
biomass

Héctor A. Ruiz-Leza UNIVERSIDADE DOMINHO, 2011



156|:| SSF process for bioethanol production

(B)

Figure 7.3 Conical system for batch cultivation used in $8dcess.
A) Flask diagram assembly for SSF process; B) Ardatiysis wheat straw after 24 h.

The fermentation medium contained pretreated whigatv, 1% w/v yeast extract, 2%
w/v peptone, 50 mM citrate buffer (pH 4.8), celkgaand3-glucosidase enzyme. Tlie
glucosidase enzyme was added at a ratio of 2:1f RJghucosidase to FPU of cellulase.
Spindler et al. (1989) reported that fh@lucosidase supplementation is necessary to
achieve efficient cellulose conversion. The neagsaamount of deionized water was
calculated and added to make the total weight of.50he pretreated wheat straw was
used as the control. SSF was started by addingrea®and flocculating. cerevisiae
CA 11 and then incubated at different conditionat[€ 7.1) in an orbital shaker at 150
rpm. All the experiments were carried out underilsteeonditions. Samples of 1 mL
were withdrawn aseptically with sterile pipettestigt 3 h intervals for the first 12 h and
at 24 h intervals until a total of 96 h. Samplesevenmediately cooled on ice and
centrifuged at 8266 g for 10 min. Ethanol concentration and that of revmg sugars
were determined by means of HPLC (see below). Asestimate, the COwas
kinetically monitored by weight loss of the Erlenyae flasks at regular intervals (the

influence of sample withdrawal was taken into acthu-ermentation monitoring based
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on CQ production is a common practice in wine fermenta{iBely et al., 1990; Varga
et al., 2004; Pereira et al., 2010). All determiad were performed in duplicate.

7.2.8 ANALYTICAL METHODS

All samples taken from SSF were filtered throughzaum sterile membrane filter and
analyzed for cellobiose, glucose and ethanol by EIPChromatographic separation
was performed using a Metacarb 87 H column (30@BxnTm, Varian, USA) under the
following conditions: mobile phase 0.005 M$0,, flow rate 0.7 mL/min, and column
temperature 60 °C. The system was comprised ofseoJehromatograph 880-PU
intelligent pump (Jasco, Tokyo, Japan) equippechvat Jasco 830-IR intelligent
refraction-index detector (Jasco, Tokyo, Japan) ankhsco AS-2057 Plus intelligent
auto sampler (Jasco, Tokyo, Japan). The volumetagewas 2Ql per sample. Sugars
and ethanol concentrations were determined basethldration curves of these pure
compounds (Ruiz et al., 2011b).

7.2.9 ETHANOL YIELD CALCULATIONS

The ethanol yield was calculated according to tBRN standard procedure (Dowe and
McMillan, 2001).

[EtOH]; (7.2)
- x100%
0.51f[Biomass]|x1.111

Ethanol yield =

where [EtOH] is the ethanol concentration at the end of thenéertation (g/L). The
term “0.51 x f x Biomas$ x 1.111" corresponds to the theoretical ethanol
concentration, whereBjomas$ is the dry biomass weight concentration at the
beginning of the fermentation (g/Lf)js the cellulose fraction of dry biomass (g/g5D.
is the conversion factor for glucose to ethanokdasn the stoichiometry of the reaction

and 1.111 is the conversion factor for cellulosedaivalent glucose.

The ethanol concentration in the liquid phase wasyaed using HPLC as described
above. Then the accurate ethanol yield could baimdd using Equation 7.2.
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Table 7.1.Statistical analysis of experimental design areamgnt, responses and predicted values for eth#&ild| gthanol and CQOconcentration.

Run Normalized variablés Real value Ethanol Yield (%) Ethanol (g/L) £@/L)

Xo o X% X X % % Exp’ (Yeor)  Pré (Yeo)  EXP’(Ceor)  Pré (Ceor)  EXP’(Ccod  Pré (Ceod
1 -1 -1 -1 30 2 5 49.51 48.42 6.22 5.86 6.57 905.
2 -1 -1 +1 30 2 30 85.71 83.45 10.09 9.86 9.96 9.63
3 -1 +1 +1 30 3 30 72.88 71.26 13.20 12.67 a2.9 12.15
4 -1 +1 -1 30 3 5 32.10 37.56 5.78 6.59 5.08 975.
5 +1 -1 -1 45 2 5 45.13 47.00 5.31 5.63 4.74 275.
6 +1 -1 +1 45 2 30 79.05 73.84 9.51 8.49 8.94 787
7 +1 +1 +1 45 3 30 82.40 83.74 14.85 15.00 84.2 14.68
8 +1 +1 -1 45 3 5 55.74 58.25 10.04 10.06 9.65 9.71
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9 -1 0 0 30 25 17.5 52.00 51.51 7.73 8.04 6.68 7.60
10 +1 0 0 45 2.5 17.5 57.56 57.05 8.56 9.09 98.3 8.55
11 0 -1 0 37.5 2 17.5 46.01 52.69 5.42 6.71 44.6 6.27
12 0 +1 0 37.5 3 17.5 59.90 52.21 10.79 10.33 0.29 9.75
13 0 0 -1 37.5 2.5 5 41.06 32.31 6.10 5.31 5.78 4.97
14 0 0 +1 37.5 2.5 30 54.83 62.58 8.15 9.78 274 9.32
15 0 0 0 37.5 2.5 17.5 45.35 45.62 8.00 7.68 507. 7.17
16 0 0 0 37.5 2.5 17.5 44.89 45.62 7.88 7.68 267. 7.17
17 0 0 0 37.5 25 7.5 45.24 45.62 8.20 7.68 879 7.17
18 0 0 0 37.5 2.5 17.5 44.98 45.62 8.31 7.68 12 8. 7.17

aX,: temperatureX, : substrateXs : enzyme loadind:Experimental value’: Model predicted value
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7.2.10EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS

In order to relate the dependent variables ethgietd (Yeion, %), ethanol Ceion, g/L)
and CQ (Ccoz g/L) concentration and independent variables tatpre (%, °C),
substrate (X %) and enzyme loading §¢XFPU/g of cellulose) in the process of SSF
with the minimum possible number of experiment, @entral composite experimental
design (CCD) for three factors that enabled the strantion of second-order
polynomials in the independent variables and tleatification of statistical significance
in the variables was used (Montgomery, 1997). Tdtal thumber of observations
required for three independent variabldd) (was calculated using the following

equation:
N=2X+2xK+1 (7.3)

whereK is the number of independent variabMss found to be 15 with four replicates
at the center point leading to a total number oéfgeriments for the evaluation of SSF
process. The values of the independent variables m&malized from -1 to +1 using
Eq. (7.4) to provide the comparison of the coeffits and visualisation of the
individual independent variables on the respons@abig. The lowest and the highest

levels of variables are given in Table 7.2.

X-X (7.4)

whereX is the absolute value of the independent variablecernedX is the average
value of the variable anXmax and Xmin are its maximum and minimum value,
respectively. The second-order polynomials andutation of predicted responses were
calculated with MATLAB® Version 7.6.0, R2008a software (MathWorks, Inatitk,
Massachusetts, USA) to estimate the response ofddpmendent variables. The

mathematical model corresponding to the experinheletsign is:
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(7.5)

3 3 2 3
Y =.30+Z.Bixi +Z.Biixi2 +Z Z Bij xix; + €
i=1 i=1

i=2 j=i+1

whereY; is the predicted valug; andx; are the normalized values of the factgisis a
constant coefficientd are the linear coefficientsdj (i andj) are the interaction

coefficients angdi are the quadratic coefficients and the random error.

The quality of the fit of the polynomial model etjoa was evaluated by the coefficient
of determinatior®® and the statistical significance was evaluatedhleyFisher's--test

for analysis of variance (ANOVA) with a 95 % corditce level. The effect of each
independent variable and also their interactioacf were determined. ANOVA results
generated the Pareto charts of interactions amrdtsffThe experimental design package
STATISTICAO v 7.0 (Statsoft’, Tulsa, OK, USA) was the software used for data
analysis.

Table 7.2.Variables and levels used in the central compalgtegn.

Independent variable Symbol Range and levels
-1 0 +1
Temperature (° C) Xy 30 37.5 45
Substrate (%} X5 2 2.5 3
Enzyme loading X3 5 17.5 30

7.3 RESULTS & DISCUSSION

7.3.1 EVALUATION OF A FLOCCULANT SACCHAROMYCES CEREVISIAE AT

DIFFERENT TEMPERATURES

S. cerevisiags a well-known thermotolerant yeast speciesaliiifity to produce ethanol

by fermentation at high temperature and its use wide range of carbon sources make

Process development for bioethanol production using wheat straw
biomass

Héctor A. Ruiz-Leza UNIVERSIDADE DOMINHO, 2011



162D SSF process for bioethanol production

this species attractive for industrial applicatidislgardo et al., 2008; Pereira et al.,
2010).

The effect of temperature on growth kineticsSofcerevisia€CAll is shown in Figure
7.4A. Maximum growth was obtained at 45 °C in 3amd with increasing the
temperature to 50 °C, the values decreased. Tetupeia accepted as one of the most
important physical parameters influencing yeastwgno This factor can affect the
sensitivity of yeasts to alcohol concentration vgtorate, rate of fermentation, viability,
length of lag phase, enzyme and membrane funatien,Growth of yeast cells at high
temperatures produced dramatic differences in Beasitivity. S. cerevisiaeyeast,
capable of fermenting at 40 °C and 45 °C, have ls#ained using progressive
cultures. Additionally, thermotolerant yeasts h&een obtained by selecting survivors
after a shock process at relatively high tempeeatuin a recent work, Mehdikhani et
al., (2011) reported a good performance growthhade differentS. cerevisiaat 40 °C
and two strains showed growth at 42 °C. Lu et (@011) used a recombinaf®
cerevisiaeyeast that showed to grow at 45 °C. Balakumat..e2901) reported that the

thermotoleranS8. cerevisiasurvived at 45 °C for 15 h.

In order to determine the extent of the heat rascs# ofS. cerevisiae€CAll, the cells

were grown at 40 °C, 45 °C and 50 °C. The numbdeatll cells at 40 °C and 45 °C did
not exceed 15 % and 10 %, respectively. More ramdes of viability were observed
at the highest temperature (Figure 7.4B), the \dability at 50 °C was 66 % in 24 h.

According to Ohta et al. (1988), high temperatuaes thought to cause increased
fluidity in members and yeast respond to this ptgischange by changing their fatty
acid composition. Walton and Pringle (1980) sugggkshat the mechanism by which
heat-induced membrane disruption leads to cellrdezy be more complex than a
simple lysis of the cell. Taylor and Orton (197%ed by Soares (2011) reported that
the temperature can also affect yeast flocculabgnacting on cell-cell interaction,

promoting the reversible dispersion of the floSs.cerevisiaghave been extensively
studied by exposing cells to various stresses saghhigh temperatures, ethanol
inhibition and osmotic pressure. Vianna et alQ0& showed that the major yeast

stress protection mechanisms is the trehalose adation. Lu et al., (2011) reported
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that the yeast cells are changed by various envieotial stresses during the industrial
process of ethanol production.

Glucose [gfL]

Time (h)

(B)

Ethanol [g/L)

Time (h)

Figure 7.4.Kinetics of growth (A), viability (B) at differertemperatures:
(M) 40 °C; () 45°C; @) 50 °C.
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Glucose consumption and ethanol production were examined at 40 °C, 45 °C and
50 °C (Figure 7.5A-B).S. cerevisiaeCA1ll exhibited similar levels of ethanol
production and glucose consumption at 40 °C anf8CG43However, when the ethanol
fermentation was carried out at 50 %, cerevisiaédCA1ll showed a lower production
than at others temperatures. From these resultgsitconclude the®. cerevisia€cAll
had the fastest ethanol production at temperabetgeen 40 °C and 45 °C.

Glucose to ethanol conversion yield was betweer®®dnd 96 % of the theoretical
value at 40 °C and 45 °C, respectively in 6 h, eagmat 50 °C the ethanol yield was 32
% (Figure 7.5C). Abdel-Banat et al., (2010) obsdraesimilar behaviour on the ethanol
evaporation at 28 °C, 35 °C, 40 °C and 50 °C. Batak et al. (2001) reported the
ethanol production from 100 g/L of glucose ®ycerevisia&s1 was 46 g/L, 38 g/L and
26 g/L at 40, 43 and 45 °C, respectively. Edgatdu.e(2008) reported an ethanol yield
of 50 % usingS. cerevisiaésolated from wine cultures at 48 h. Balakumarlef2001)
showed that the ethanol conversion yieldcerevisiagvas 90 % at 40 °C. The yields
of ethanol and other fermentation by-products ¢ése eelated to temperature (Torija et
al., 2002).

Glycerol is formed as a by-product in the productod ethanol during fermentation of
S. cerevisiaeunder anaerobic and aerobic growth conditions @iset al., 2000).
Glycerol production by yeast is influenced by thevgh and many environmental
factors. Several studies have shown that an inereagsemperature resulted in higher
glycerol production According to Wang et al., (2001) the optimum terapare for
glycerol production by yeast is apparently simitathe optimum growth temperature of
the organism. Glycerol production of wine yeastiso known as one of the most
important criteria in strain selection (Scaneslet198; Duarte et al., 2010). In this
work the maximum levels for glycerol concentratisrere 1.03 g/L and 0.95 g/L
obtained at 40 °C and 45 °C, respectively. At 5@hproduction of glycerol was 0.45
g/L (Figure 7.5D).
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Figure 7.5. Effect of temperatures on the process kinetics: glucose consumption (A), ethanol

production (B), theoretical ethanol yield (C), glycerol production (D). (H) 40 °C; (O) 45 °C;

(A) 50 °C.

This behaviour was probably due to the stress conditions and decrease in biomass

production. Ortiz-Mufiiz et al. (2010) suggested that the glycerol production was not

stimulated by the presence of ethanol in the culture medium, probably because glycerol

does not carry out a physiological function when the yeast strain is submitted to the

stress caused by the presence of ethanol in the fermentation medium. Nissen et al.

(2000) reported that during aerobic growth, glycerol is formed at high glucose
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concentration, where respiration is repressed,ciaguhe capability of the organism.
Sevda et al. (2011) showed that the maximum glygaduction was achieved when

the fermentation condition changed from 20 °C t8@G&isingS. cerevisiae

7.3.2 EFFECT OF AUTOHYDROLYSIS ON THE COMPOSITION OF THE S OLID

PHASE

The cellulose (glucan) content in the solid residues of 63.7 %, xylan 7.55 %,
arabinan 0.29 %, acetyl groups 1.51 % and klasgmini26.91 %, revealing that the
glucan was almost not affected by the autohydrslpsocess and a solid residue with
increased glucan percentage was obtained (Ruikz, &@04.1b). This increase of glucan
could be correlated to the solubilization of hertidese components, because the
hemicellulose is more amorphous and less stabfedéldulose and, as expected, results
show a substantial removal of hemicelluloses duantphydrolysis process (Mok and
Antal, 1992). These results are in agreement with data reported for a similar
feedstock; Gullon et a{2010) observed a similar behaviour for rye straa asing a
similar pretreatment process with switchgrass, 8uafi et al. (2008) reported an
increase in glucan content from 36.6 % to 56.6 % awecrease in xylan content from
21.0 % to 2.4 %. The klason lignin content follosvsimilar pattern to glucan and the
majority of the lignin content remains in the sofihase. Kristensen et al. (2008)
showed that hydrothermal pretreatment caused aditation of lignin on the surface of
LCM and subsequently the materials are more subtepd enzymatic hydrolysis.

7.3.3 KINETICS OF SIMULTANEOUS SACCHARIFICATION AND

FERMENTATION (SSF)

The experimental design matrix is given in Tablé. Eighteen experiments were
performed to evaluate the ethanol yield, ethanal &@©, concentration using SSF
process (performed in duplicate) by a flocculathgerevisia€cAll using as substrate
the autohydrolysis pretreated wheat straw. Durih@&F assays, continuous increases

in ethanol content occurred whereas glucose coméenained very low. These results
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indicate that glucose from enzymatic hydrolysislddoe fermented to ethanol &

cerevisiaeCA11, thus showing a good fermentation performdncthe yeast.
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Figure 7.6 Cellobiose (A), glucose (B) and ethanol (C) coicaiions obtained in SSF assays
carried out under the condition of experiments, 2,4 and 11 of Table 7.1. 45 °C, 3 % of
cellulose, 30 FPU of enzymm)(30 °C, 2 % of cellulose, 30 FPU of enzynag; 45 °C, 2 % of
cellulose, 5 FPU of enzyme)( 30 °C, 3 % of cellulose, 5 FPU of enzymg;(37.5 °C, 2 % of
cellulose, 17.5 FPU of enzyme)(
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Enzymatic hydrolysis of cellulose to glucose fipsoduced a disaccharide, cellobiose,
which was then hydrolyzed to a monosaccharide, ogleic The experiments had a
similar pattern for cellobiose and glucose coneditn during the initial 12 h (Figure
7.6A and B). No cellobiose accumulation was obsgmeoughout fermentations as it
was hydrolyzed to glucose continuously, indicatsudficient 3-glucosidase activity in
the cellulase preparation and low inhibition byagise. Figure 7.6B and C show the
concentration profiles determined for glucose atiém@ol in the experiments 2, 4, 5, 7
and 11 of Table 7.1. Glucose from enzymatic hydislyas rapidly consumed 8/
cerevisiaeas indicated by a decrease in glucose from 0 to 42d, in other cases, from
0 to 24 h (Figure 7.6B). Ethanol concentration reae relatively constant, indicating
cessation of fermentation. The SSF process wagletad after 48 h. The highest
ethanol concentration on the pretreated wheat swa® 14.85 g/L at 45 °C for an
enzyme loading of 30 FPU/g cellulose with 3 % déetive cellulose (experiment no.
7), corresponding to an ethanol yield of 82.40 %4 &A4.28 g/L of CQ. The greatest
ethanol yield observed was 85.71 % (experiment2joand the lowest ethanol yield
observed was 32.10 % at 30 °C (experiment no. 4, enzyme loadings of 30 and 5

FPU/ g cellulose, respectively.

The greatest C{concentration was 14.27 g/L (experiment no. 7) #redlowest was
4.64 g/L (experiment no. 11). Table 7.1 shows He®tetical ethanol yield, ethanol and
CO, concentration for each temperature/substrate/endgading combination; larger
ethanol yields suggest greater hydrolysis of cedlelto glucose. Walsum et al. (1996)
reported an ethanol production of 18 g/L with 9@®4inal conversion in 75 h using the
same pretreatment and hard wood flour as raw mahtand Negro et al. (2003)
achieved an ethanol concentration of 20 g/L in 7Rsing poplar biomass in SSF

process using steam explosion pretreatment.

7.3.4 STATISTICAL ANALYSIS OF SSF

Multiple regression analysis and analysis of vareaANOVA) of the experimental

data were performed for the mathematical modeindjitt The models in terms of
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normalized values (Table 7.2) expressed in Eq.),({&7) and (7.8) represent the
ethanol yield, wonw) ethanol concentration, gon, and Eoz concentration, as
function of temperature (¥, substrate (¥ and enzyme loading gX respectively.

Table 7.1 shows the values predicted by the oldaimedels.

Yecone = 45.61 + 2.76X; — 0.23X, + 15.13X5 + 5.52X,X, (R*=0.92) (7.6)
— 2.05X; X5 — 0.33X,X5 + 8.66X? + 6.83X% + 1.82X2

Crron = 7.67 + 0.52X, + 1.81X, + 2.23X; + 0.92X,X, — 0.28X,X;  (RP=0.92) (7.7)
+ 0.52X,X5 + 0.88X2 + 0.84X2 — 0.13X2

Cco, = 7-17 + 0.47X; + 1.74X, + 2.17X; + 1.09X,X, — 0.30X,X; (R =0.89) (7.8)
+ 0.61X,X5 + 0.90X2 + 0.83X2 — 0.028X2

The ANOVA results are listed in Table 7.3., 7.4dah5.revealed that second-order
polynomial models adequately represent responseghanol yield ethanol and C®
concentration as shown by coefficients of detertionaR?, indicating that 92.4, 92.3
and 89.2 % of the variability in the responses ddié explained by the modelBhese
values were in reasonable agreement with the @djsttermination coefficie®adj =
0.838, 0.84 and 0.771 respectively. As shown ing a8, for ethanol yield, the model
F-value of 10.81 is high compared to the tabiag value of 3.39 indicating that the
model was significant. The same situation occumét the models for ethanol and

CO; concentration, where the modelalue is 10.74 and 7.37 respectively.

According to ANOVA results for ethanol yield (Tabfe3), all the linear X Xa, X,
square X%, X%, Xs% and interactionX1X», X1X3, X1X» terms have significant effect on
ethanol yield responses withrvalue under a significance level of = 0.05. These
effects can be visualized in the standardized BPacbarts (Figure 7.7A). It can be
observed that enzyme loading, temperature-substrsgeactions and temperature are
important variables at the 95% confidence levetr@nethanol yield and that the effect
of enzyme loading, when raised from the lowesh®Hhighest level, is positive (Figure
7.7A). This positive effect of Xshows that ethanol yield is improved at higher emzy

loadings.
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Li et al. (2009) observed that during the SSF pecethanol yield was 94.7 % using
similar conditions and bermudagrass as raw matetiadle et al. (2008) evaluated the
influence of low enzyme loading on SSF using thenesaaw material obtaining an
ethanol yield of 67 %. Varga et al. (2004) repor@dethanol yield of 75 % using high
solids concentration in SSF and concluded thakeas®d enzyme loadings accelerated
the enzyme reaction, resulting in higher ethaneldyi When observed in terms of
temperature, yields increased with increases irpésature up to 45 °C. However, at
low substrate concentrations, an increase in eslélconcentration of 30 FPU/g of
cellulose showed higher yields. This could be duée low quantity of substrate and
the presence of excess enzyme. Also, the high eltlyaglds indicate the absence, or the

presence at non-inhibitory concentrations, of iithils of the fermentation process.

Table 7.3.Analysis of variance (ANOVA) for ethanol yield £41) model

as a function of temperature {j)Xsubstrate (¥, enzyme (%).

Source Sum of Squares  d.f Mean Square F-value p-value
Model 3676.62 9 408.51 10.81 0.0013 *
X1 76.60 1 76.60 1653.49 <0.0001 **
X2 0.56 1 0.56 12.18 0.0397 *
X3 2321.05 1 2321.05 50103.78 <0.0001 **
XXz 244.07 1 244.07 5268.65 <0.0001 **
X1X3 33.58 1 33.58 724.95 0.0001 **
XoX3 0.90 1 0.90 19.35 0.0217 *
X, 212.33 1 212.33 4583.54 <0.0001 **
X2 133.80 1 133.80 2888.37 <0.0001 **
X3’ 6.24 1 6.24 134.66  0.00137 *
Residual 302.39 8 37.80
Total 3979.02 17
R 0.924
R’adj 0.838

d.f. degree of freedom, * significant, ** highlygsiificant
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Table 7.4.Analysis of variance (ANOVA) for ethanobncentration (€or)

model as a function of temperature \)Substrate (¥, enzyme ().

Source Sum of Squares d.f Mean Square F-value p-value
Model 104.33 9 11.59 10.74 0.0014 *
X3 2.75 1 2.75 73.30 0.0033 *
X2 32.81 1 32.81 875.11 <0.0001 **
X3 49.90 1 49.90 1331.01 <0.0001 **
XiX5 6.83 1 6.83 182.28 0.0008 *
X1X3 0.66 1 0.66 17.49 0.0249 *
XoX3 2.16 1 2.16 57.49 0.0047 *
X4? 2.11 1 2.11 56.26 0.0049 *
X2 1.93 1 1.93 51.50 0.0055 *
X352 0.05 1 0.05 1.29 0.3378
Residual 8.63 8 1.08
Total 112.95 17
R 0.923
Read; 0.84

d.f. degree of freedom, * significant, ** highlygsiificant

Table 7.5 Analysis of variance (ANOVA) for C&oncentration (€o2)

model as a function of temperature \Substrate (¥, enzyme ().

Source Sum of Squares d.f Mean Square F-value p-value
Model 103.85 9 11.54 7.37 0.0049 *
X1 2.26 1 2.26 13.90 0.0336 *
Xz 30.30 1 30.30 186.47 0.0008 *
X3 47.27 1 47.27 290.92 0.0004 *
X1X; 9.56 1 9.56 58.83 0.0046 *
X1X3 0.75 1 0.75 4.60 0.1213
XoX3 3.02 1 3.02 18.61 0.0229 *
X4? 2.22 1 2.22 13.64 0.0344 *
X2 191 1 1.91 11.75 0.0416 *
X352 0.00 1 0.00 0.01 0.9112
Residual 12.53 8 1.57
Total 116.92 17
R 0.892
Rfad; 0.771

d.f. degree of freedom, * significant, ** highlygsiificant
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Figure 7.7. Pareto charts for standardized effects of ethgietd (A), ethanol (B) and CQC).
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Table 7.4 and Table 7.5 also show the ANOVA analyses foramth and CQ
concentration. For ethanol concentration all theabdes except ¥ have a significant
effect on ethanol concentration at the 95 % confieelevel and ANOVA shows that
enzyme loading (¥ is the most effective variable, followed by suatt concentration
(X2) and interaction between temperature and subsfxabe,), suggesting a positive
effect of enzyme loading on ethanol concentratiigure 7.7B). This is likely to occur
due to the dependence of the SSF rate on the lygisalate as enzyme loading is
considered one of the most important factors irambh production from LCM. This
becomes more evident as the effects between thi@bles (%X2, X1 X% X1X3) on
ethanol concentration were less significant. Liredeal. (2008) reported an ethanol
concentration of 11.7 g/L using the same raw matemd Luo et al(2008), when
evaluating the influence of enzyme concentratiogported an optimal ethanol
concentration of 22.7 g/L using the same enzymdihgpat 35 °C. Faga et al. (2010)
studied the effect of reduced enzyme loading on f®Eess and reported a reduction

of glucan hydrolysis and lowered ethanol production

The synergetic enzymatic hydrolysis by cellulasppemented withp-glucosidase
greatly reduced the inhibition caused by cellobiaseumulation, thereby effectively
improving SSF performance. In terms of £€@oncentration, ANOVA (Table 7.5)
showed that the linear.XX,, Xs, square X2, X,? and interactionX1X,, XoX3 terms
have a significant effect on GQ@oncentration responses excepf #nd %Xs. The
Pareto chart presented in Figure 7.7C shows thetptrameters that most strongly
affect CQ production are enzyme loading, substrate concémtraind the interaction
between temperature and substrate concentratidhea®5 % confidence level. The
positive effect of X, X, and XX,, when raised from the lowest to the highest level
positive. By comparing Figure 7.7B and Figure 7.&Can be observed that operating
variables had similar effects on ethanol and, €@hcentration. This should be expected
having in mind the stoichiometry of the conversadrglucose into ethanol and G
the alcoholic fermentation process.
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Figure 7.8.Response surface and contour plot for SSF prop&s&thanol yield variation as a
function of enzyme loading and temperature at tasgate levels; (B) Ethanol yield in
function of high substrate; (C) Ethanol concentratiariation as a function of enzyme loading
and substrate at two temperature levels; (D) @Dcentration variation as a function of

enzyme loading and substrate at two temperatugdslev
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Response surfaces were drawn as three-dimensidoé pf the second-order
polynomial models (Eq. 7.6, 7.7, and 7.8) as a tfancof the two most strongly
influencing variables. Ethanol yield was plottedaatunction of enzyme loading and
temperature, for substrate values kept constaht dtathe highest (+1) and at the lowest
level (-1) (Figure 7.8A). Figure 7.8B shows thatigh ethanol yield could be obtained
at a high enzyme loading and high temperaturegit level of substrate concentration.
This could be due to the depletion of the substatd the presence of excess enzyme.
At low enzyme loadings, increases in substrate eatnation showed improvement in
terms of conversion. However, at high enzyme logslinincreases in substrate
concentration resulted in improved yield. In theecaf ethanol and Groduction, the
most important variables were enzyme loading ahdtsate concentration and response
surfaces were plotted as a function of these vimsalfor temperatures kept constant
both at the highest (+1) and at the lowest levB) (Figure 7.8C and Figure 7.8D).

Figure 7.8C and Figure 7.8D show that in order bdam high ethanol and GO
concentrations high enzyme loadings and substoateentrations could be used at high
temperatures. An increase in substrate concemratesulted in better ethanol
production, which is due to the consumption of ssighy S. cerevisiaeCA1ll.
Temperature is a crucial factor for SSF processs sompromise between the optimal
temperatures for the actions of cellulolytic enzgnaied yeast is needed. However, it
must be pointed out that these results were oldtainth a thermolerant yeast strain that
made possible to perform the SSF at a temperalose to the optimal for the enzyme

action, which was a real advantage.

7.4 CONCLUSIONS

The results of yeast strains indicate that theciitantSaccharomyces cerevisi@Al11l
was able to produced ethanol, showing a good pwdoce at high temperatures.
Moreover, autohydrolysis is an effective pretreatéhat increased the cellulose
concentration of wheat straw raw material, making igood substrate for SSF. The
results of this chapter show that the flocculatititggermotolerantS. cerevisiaeCA1l

strain has potential to be used for ethanol pradocin SSF process at 45° C and
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contributes to avoid one of the main disadvantadgesSF, while providing SSF yields
comparable to those obtained with other fermentiegsts. The experimental design
used in the present study established efficientorsorder polynomial models
describing the effects of temperature, substrateauatration and enzyme loading on
ethanol yield, ethanol and G@roduction by a SSF process using a thermotolerant
flocculating yeast strain.
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ABSTRACT

Wheat straw is nowadays being considered a poltentia
lignocellulose raw material for fuel ethanol protioc of second
generation and as an alternative to conventional &thanol
production from cereal crops. In the present stadyohydrolysis
wheat straw was wused as substrate in simultaneous
saccharification and fermentation (SSF) processbioethanol
productionSaccharomyces cerevisi@&A11. In order to evaluate
the effect of stirring on ethanol yield four stimgi speeds were
studied. When the SSF was conducted at 150 rprB3¥L was
obtained after 96 h. When the SSF was conducteligiter
stirring speed (250 rpm), 15.09 g/L of ethanol whtined. This
corresponds to an overall ethanol yield of 63.518d 84.49 %,
respectively. In terms of ethanol yield there westatistical
significant p < 0.05) between the different stirring speeds. The
results show that combining high temperatures aingng speed
can be an alternative to achieve high levels oarath yield in
SSF
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8.1 INTRODUCTION

Industrial ethanol production in the US has growastly over the past decade. The RFA
(Renewable Fuels Association) reported US etharadyzction increased from 175 to
13,230 millions of gallons from 1980 to 2010 (RE®11). One of the most promising
processes to convert cellulose from lignocellulosserials (LCM) into ethanol is the
simultaneous saccharification and fermentation j8écess. In this process, the solid
portion of pretreated LCM is gradually hydrolyzeda the liquid slurry containing
monosaccharides sugars (glucose), oligomers swagatsnsoluble lignin/ashes under
the catalysis of enzymes and this glucose is coedequickly to ethanol by the
fermenting microorganism in the same reactor, thirgmizing end-product inhibition
to cellulase caused by glucose and cellobiose adlation (Chen and Wang, 2010).
Other advantage of this process is the shorterdetation time and a reduced risk of
contamination, due to the high temperature of tioegss and the presence of ethanol in
the medium (Olofsson et al., 2008).

One disadvantage of SSF, however, is that the optimonditions for the cellulases
and the microorganisms differ. The difference inggtimum is small, but the optimum

temperature differs more. One approach to imp@8& is by using thermotolerant
strain, producing ethanol in SSF at higher tempeeatOn the other hand, in practice,
when the fermentation starts and carbon dioxideeiggas, a complex gas-liquid-solid
multiphase system forms. In a recent work, Zhan@let(2010) suggested that the
mixing is the central barrier on the use of a S&ireactor with LCM solids loading, to

achieve high ethanol. The sufficient mixing capgdibe low energy consumption, and
the low stress to the enzyme and microbial celukhbe considered as a key factor for

designing mixing processes in LCM.

Yeasts isolated from extreme environments exhiist capability of growing at high
temperatures while producing ethanol; a proof of tls the industrial ethanol
fermentation in some tropical countries as Bradileve fermentation takes place at
ambient temperatures and during the process theet@ture can reach 41 °C as, due to
its expensive costs (Vianna et al., 2008), no ogodlystems are used. This requires the

use of yeast strains able to produce high ethardtisy at such high temperatures.
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Abdel-Banat et al. (2010) demonstrated that iffdrenentation step could be performed
at higher temperatures, for instance within a 40&0ange, significant cost reductions
in fuel ethanol production could be obtained. Adeges of processing at higher
temperatures include a more-efficient simultanesarscharification and fermentation,
significant reduction of contamination and a comtins shift from fermentation to
distillation (Nonklang et al., 2008; Shi et al.,0®). Additionally, the use of flocculating
yeasts is one of the most interesting ways to pewn increase of the efficiency of
bioethanol production processes as a significashiatgon of capital costs is achieved
with the elimination of centrifugation (or at leassubstantial reduction of the demand
for such an expensive operation), making the poogsre competitive (Vicente et al.,
1998; Domingues et al., 1999).

The flocculation of yeast cells is a reversibleexagl and calcium-dependent process in
which cells adheres to form flocs consisting ofubends of cells, the use of high cell
density systems being investigated and used faraBpg yeast cells from beer in the

brewing industry. In fact, these systems presemnterse advantages as reduced
downstream processing costs, reuse of the biomasxfended periods of time, higher

productivity, protection against ethanol stress] esistance to contamination by other
microorganism (Verstrepen et al., 2003; Soares]12Bhao and Bai, 2009; Domingues

et al., 2000). Overall, improved efficiency of t8&F will be obtained by using a yeast
strain that can work at higher temperatures andlbesulant properties. The objective

of this chapter was to perform SSF using autohydislwheat straw pretreated as
substrate in order to evaluate the influence afristj speed on ethanol yield by

Saccharomyces cerevisi@GAll.

8.2 EXPERIMENTAL PROCEDURES

8.2.1 YEAST STRAIN CULTIVATION

The flocculatingS. cerevisiadCA1l was obtained from the microbial collectiontfae

Microbial Physiology Laboratory/Department of Bigiofrom the Federal University of
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Lavras (UFLA), Brazil. The flocculating yeast stravas isolated from a “cachaca”
distillery in the state of Minas Gerais, Brazil anged in all the fermentation
experiments. The strain was kept on agar platesemégeast extract 10 g/L, peptone
20 g/L, agar 20 g/L and D-glucose 20 g/L as antaduil carbon source at 4 °C.

8.2.2 SIMULTANEOUS SACCHARIFICATION AND FERMENTATION

In order to evaluate the performance of floccul@atcharomyces cerevisi&@&All in
SSF, wheat straw pretreated with autohydrolysi8&t °C for 30 min was used. The
chemical composition was as follows: cellulose dagan) 63.7 %, xylan 7.55 % and
Klason lignin 26.91 %, previously evaluated by Reizal. (2011). Two commercially
available enzyme solutions, Celluclast 1.5 L dhdlucosidase were used. These
enzymes were kindly supplied by Novozymes A/S (Bagsd, Denmark). The enzyme
activities of commercial concentrates were 43.0%J/Mm#H. for Celluclast 1.5 L and
576.39 Ul/mL for Novozym 188 (Ruiz et al., 2012).the chapter 6, the susceptibility
of autohydrolysis pretreated wheat straw to enziymsaiccharification was studied. The
results showed that the enzymatic saccharificatimmversion of cellulose to glucose
was 90.88 %.

8.2.2.1 Yeast inoculum preparation

Yeast for inoculation was grown in 250 mL Erlenmeflasks with 125 mL of sterile
culture medium containing 50 g/L glucose, 10 g/ptpee, 10 g/L yeast extract, 0.5 g/L
(NHg4),HPO4 and 0.5 g/L MgS£rH,O; glucose was sterilized separately from the
other components to prevent damage to the nutaitiqoalities of the medium. Yeast
growth was carried out at 30 °C and 150 rpm in réitad shaker for 10-12 h. The cell
suspension was aseptically collected by centrifogafl5 min at 788% g, 4 °C) and
suspended in sterile 0.9 % NaCl to a concentraifd@00 mg fresh yeast/mL. The yeast
cells were inoculated at about 8 mg fresh yeast/imx. 700 mL of culture medium to

start the fermentation (Pereira et al., 2010).
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8.2.2.2 SSF bioreactor and batch operation

SSF experiments were performed on autohydrolygsgated solids from wheat straw
in a 2-L stirred tank bioreactor (Autoclavable Betop Fermenter Type R’ALF,
Bioengineering AG, Wald, Switzerland), equippedhwét Rushton flat blade impeller
(Figure 8.1) in batch mode with a working weightQo7 kg. The bioreactor contained
4.7 - 5 % of autohydrolysis pretreated solids, 9@ witrate buffer solution (pH 4.8 —
5). The fermentation medium was supplemented withwllv yeast extract and 2% w/v

peptone.

Figure 8.1.Diagram of bioreactor for simultaneous sacchaiftn and fermentation process:
(1) motor, (2) sample port, (3) gas disperserp@)meter port, (5) thermometer port, (6)
condenser, (7) lid, (8) tank wall, (9), water-bgttket, (10) water—bath jacket outlet, (11) drive

shaft, (12) Rushton flat blade impeller (13) wdtath inlet.
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The moisture content of autohydrolysis pretreatditls was considered as water in the
material balances and the necessary amount of idetbrwater was calculated and
added to make the total weight of 0.7 kg. The l@siorer (containing autohydrolysis
pretreated solids and yeast nutrients) was stedilia an autoclave at 12C for 20 min.
SSF was started by adding enzymes and floccul&irmgrevisia€€All. The amount of
Celluclast 1.5 L added corresponded to a celludasiwity of 30 FPU/g cellulose, and
the amount of Novozyme 188 added correspondediglacosidase activity of 60 1U/g
cellulose. Spindler et al. (1989) reported that phglucosidase supplementation is
necessary to achieve efficient cellulose conversibhe SSF experiments were
performed at pH 4.8 £ 0.3 and 45 °C (Figure 8.2arf) et al. (2010) reported that the
mixing of solid lignocellulose in SSF is cruciallpnportant to increase the ethanol
production, for this reason also, the influencestafring on glucose bioconversion to
ethanol byS. cerevisiaeCA1ll were investigated using four different stigispeeds
(150, 180, 200 and 250 rpm, respectively). Thesameaters were monitored on the
control panel. All the experiments were carried wuder sterile conditions and samples
of 2 -3 mL were withdrawn aseptically with serologi pipette at 3 h intervals for the
first 12 h and at 24 h intervals until a total 6fl®. Samples were immediately cooled on
ice and centrifuged at 8260g for 10 min. Ethanol concentration and the remanin

sugars (glucose and cellobiose) were determinaddans using HPLC.

The ethanol yield was calculated assuming that th# potential glucose in
autohydrolysis pretreated solids is available fnmfentation and that 1 g of glucose
theoretically gives 0.51 g of ethanol and 1 g aficgh gives 1.111 g of glucose,
according to Dowe and McMillan (2001). Therefordje t theoretical ethanol

concentration in the SSF studies was 17.82 g/L.

The ethanol yield was calculated according to tB#RN standard procedure (2001).

[EtOH], (8.1)
- x100
0.51f[Biomass]x1.111

Ethanol yield (%) =
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where EtOH]; is the ethanol concentration at the end of thenéertation (g/L). The
term “0.51 x f x [Biomas$ x 1.111" corresponds to the theoretical ethanol
concentration, whereBjomas$ is the dry biomass weight concentration at the
beginning of the fermentation (g/L)is the cellulose fraction of dry biomass (g/g);10.5
is the conversion factor for glucose to ethanokbdasn the stoichiometry of the reaction
and 1.111 is the conversion factor for cellulosedaivalent glucose.

Figure 8.2.SSF bioreactor operated with autohydrolysis pagtie wheat straw.

8.2.3 STATISTICAL ANALYSIS.

The statistical analysis of the stirring speedstiranol yield was carried out with the
single-factor analysis of variance (ANOVA), the tiple comparison tests and graphic
representation by using the box plot was used teraine the statistical significance
with a 95 % confidence level. For the data anal,yMaL!sTLABk Version 7.8.0, R2009a

software (MathWorks, Inc., Natick, MassachusettSAYwas used.
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8.3 RESULTS & DISCUSSION

8.3.1 SIMULTANEOUS SACCHARIFICATION AND FERMENTATION  (SSF)

SSF was run at four different stirring speeds 180, 200 and 250 rpm. Figure 8.3A-D,
showed the time evolution of ethanol concentra@owl residual glucose. During all
SSF assays, continuous increases in ethanol comtentred whereas glucose content
remained very low. No cellobiose accumulation wiaseoved throughout fermentations
as it was hydrolyzed to glucose continuously, iating sufficient f-glucosidase
activity in the cellulase preparation and low intidn by glucose. The residual glucose
concentration in all SSFs, shown in Figure 8.3A#agreased during the first 3 h
indicating that hydrolysis of glucan from pretrehtevheat straw to glucose was
occurring faster than ethanol production. After,3thanol production occurred faster
than hydrolysis, resulting in a decrease in glucasgcentration. At 24 h, the residual
glucose had been reduced to < 0.1 g/L remaininbeste low values till the end of the
experiment. Thé&. cerevisia€CAll produced more than 8 g/L of ethanol at 24rrafl
SSF assays (Figure 8.3A-D). The highest ethanolcertnation achieved bys.
cerevisiaeCA1l was 15.09 g/L at 96 h and 250 rpm. The comagon of ethanol
(11.33 g/L) at 150 rpm was lower than the otherditions. Previous research has found
similar ethanol production results at elevated terajures to those of ti#& cerevisiae
strain used in this study. Edgardo et al. (2008jopemed SSF on organosolv-pretreated
substrate using a strain $f cerevisiaat 40 °C and reported an ethanol concentration of
24 g/L after 60 h. Kadar et al. (2004) achievedeth concentration of 14.2 g/L using

industrial wastes (old corrugated cardboard) £&CGlO

Krishna et al. (2001) reported an ethanol concéatraf 21 g/L from sugar cane leaves
as raw material at 40 °C. In a recent work, Ronsndl. (2010) reported a similar
behaviour of ethanol production using hydrothermpedtreatedEucalyptus globulus
wood as raw material. Zhu et al. (2006) obtainesl dptimal point of SSF process,
achieving an ethanol concentration of 34.3 g/L w&h cerevisiaeYC-097 using

microwave-assisted alkali pretreated wheat stra#0&C in 72 h.
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Figure 8.3.Theorical ethanol yield at different stirrer spge@) 150 rpm; @) 180 rpm; ()

200 rpm; @) 250 rpm.
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An important advantage of SSF over separate hysicognd fermentation (SHF) was
founded by Alfani et al. (2000), which reportedttii@e SSF process required a much
shorter overall process time (30 h) than the SHiegss (96 h) and resulted in a large
increase in ethanol productivity (0.837 g/L*h foFFS compared to 0.313 g/L*h for
SHF).

During SSF withS. cerevisia€CAll, the experimental ethanol yield was lowenttize
theoretical yield of ethanol. Ethanol yields fromt@hydrolysis pretreated wheat straw
using S. cerevisiae€CA1l at different stirring speeds are shown in Egure 8.4. A
maximum ethanol yield of 84.49 % was observed &t@Hn, whereas the lowest value
was 63.50 % at 150 rpm in 96 h. The high ethaneldyfor 250 rpm and 200 rpm
(80.29 %) indicate that the stirring speed had sitpe influence on ethanol yield. The
ethanol yield obtained in the present work can el wompared to others values
achieved using SSF process. Hoyer et al. (2009)jextithe effect of mass transfer on
the ethanol yield, which increasing the stirredespfom 200 rpm to 700 rpm led to an
increase in ethanol yield from 84.6 % to 95.8 %axhet al. (2010) concluded that the
mixing between the pretreated solids and liquidyere during the SSF process is
crucially important, due to the increase in theaappt viscosity of the slurry when all
the solid feedstock is fed into the bioreactor. &bwmer, with the beginning of
fermentation and generation of carbon dioxide, anmlecated gas-liquid-solid
multiphase system is formed and this multi-phastesy may lead to the reduction in
mass and heat transfer efficiency, low sugar yed low ethanol yield. Lee et al.
(2009) suggested that the ethanol yield dependédeopretreatment conditions on the
substrate. Suryawati et al. (2008) reported a amibkhavior of ethanol yield usir§y
cerevisiaeDsA at 37 °C and switch-grass pretreated with autadlydis as substrate in
SSF.

Box plots display the ethanol yield as a functidrihe different stirring speeds (Figure
8.5). Boxes represent the 50 % interquartile raagkd line within the boxes represents
the sample median. According to the multiple congoar test, ethanol yield for 150
rpm, 180 rpm, 200 rpm and 250 rpm showed statissicmificance. At 250 rpm the
ethanol yield was greater than 150 rpm, 180 rpm2&@drpm p < 0.05). This statistical
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significance was observed in all SSF assays, demabing that increasing the stirring

speed in SSF process leads to an increase inttheattyield.

100

Theoretical ethanol yield (%)

0 12 24 36 48 60 72 84 96

Time (h)

Figure 8.4.Theoretical ethanol yield at different stirrer sgs: @) 150 rpm; @) 180 rpm; ()
200 rpm; @&) 250 rpm.
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Figure 8.5.Box-plot representing the significant differendes,each theoretical ethanol yield

at different stirrer speeds.

8.4 CONCLUSIONS

Bioethanol can be successfully produced $gccharomyces cerevisid@All using

simultaneous saccharification and fermentation andohydrolysis wheat straw
pretreated as substrate; also was demonstratedhihatirring speed is an important
factor that affected the efficiency of this proce$kerefore, the combination of high
temperatures and stirring in batch operational tamg allowed to achieve high levels

of ethanol yield making the SSF process more effici
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9.1 GENERAL CONCLUSIONS

Bioethanol production from wheat straw using an environmentally friendly process such
as autohydrolysis is an attractive alternative to the biorefinery concept. Amongst the
advantages of autohydrolysis are the possibility of solubilizing the hemicellulose in the
liquid fraction and obtaining a pretreated solid more susceptible to simultaneous
saccharification and fermentation and, also, a delignificated solid obtained through an

organosolv process.
The main conclusions that can be withdrawn from the results obtained are listed below.

The evaluation of the autohydrolysis condition led to the conclusion that the variation of
the particle size distribution has a selective influence on the extraction of the total sugar
from hemicellulose and that the use of a blend with defined percentages of the various
particle sizes must be established before carrying out a pretreatment. The sequential
autohydrolysis and organosolv process is an adequate method for the extraction of high
purity lignin. The results in Chapter 5, showed that autohydrolysis is a suitable
technology for the extraction of hemicellulose with suitable physicochemical
characteristics for its application as reinforcement in polymeric matrix for

biocomposites manufacture.

The results of the enzymatic saccharification showed that autohydrolysis pretreated

solids are more effective for enzymatic saccharification.

The experimental design used in the Chapter 7 established efficient second-order model
describing the effects of temperature, substrate and enzyme loading on ethanol yield,
ethanol concentration. The results indicate that the Saccharomyces cerevisiae CA11 was

able to produce ethanol and showed a good performance at high temperatures.

The scale-up of SSF was performed evaluating the effect of stirring on the ethanol yield.
When the SSF was conducted at higher stirring speed (250 rpm), 15.09 g/L of ethanol
was obtained. This corresponds to an overall ethanol yield of 84.49 %, concluding that

the stirring speed is an important factor that affected the efficiency of the process.
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In broad terms, the autohydrolysis process is an effective pretreatment that increases the
cellulose content of wheat straw, making it a good substrate for SSF. Additionally, the
flocculating S. cerevisiae CA11 strain has potential to be used for bioethanol production
in SSF processes at 45° C. The fractionation and use of hemicellulose as biocomposite

is according to the biorefinery concept.

9.2 GUIDELINES FOR FUTURE WORK

a) The extraction of high purity lignin through an organosolv process could be used
to prepare phenolic-type resins.

b) A cost reduction of the cellulase is, therefore, necessary to make the process
more economically attractive. One alternative could be the development of
strategies for cellulase recovery after the SSF process.

¢) In order to improve the ethanol concentration it is important to use the high dry
matter content possible in the SSF process.

d) Other operational strategies should be carried out as fed-batch or continuos, in
order to improve the ethanol concentration required for an economically viable

industrial-scale ethanol distillation.

The results at laboratory scale showed insight into the operational strategies applicable
to the production of bioethanol using autohydrolysis pretreated solids by
Saccharomyces cerevisiae. However, the bioreactor size and the operational conditions
do not allow a full evaluation of the process. An interesting next step would be to

upscale to pilot plant and consider the results to further evaluate the process.
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