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ABSTRACT

BIOETHANOL PRODUCTION VIA ENZYMATIC HYDROLYSIS OF
LIGNOCELLULOSIC BIOMASS: WHEAT STRAW, CORN STALKS AND
HAZELNUT HUSKS

Ayhan TOZLUOGLU
Diizce University
Graduate School of Natural and Applied Science,
Department of Forest Industry Engineering
Doctoral Thesis
Supervisor: Assoc. Prof. Dr. Yalgin COPUR
October 2012, 132 pages

Wheat straw, corn stalks and hazelnut husks which are abundant agricultural waste
products in Turkey, could be valuable raw materials for bioethanol production. After
harvest, these raw materials are usually left in the fields and burned, which decreases
the biological activity of the soil and causes air pollution. Through the use of innovative
biotechnology, these waste materials may be valuable in generating economic benefits
as well as environmental dividends. The main objective of this study was to examine the
suitability of these wastes for bioethanol production and to compare pretreatment
techniques with regard to their efficiencies. In this study, wheat straw, corn stalks and
hazelnut husks were first steam exploded and then chemically treated to achieve
efficient hydrolysis. The conventional chemicals of sodium hydroxide (NaOH), sulfuric
acid (H,SO,), hydrogen peroxide (H,O,) and an alternative chemical, sodium
borohydrate (NaBH,), were utilized for the first time ever in the chemical treatment
procedure.

The obtained results showed that NaOH and NaBH, treated wheat straw resulted in
87.8% and 83.3% glucan conversion in enzymatic hydrolysis, but H,O, (74.7%) and
H,SO, (71.7%) had lower glucan conversion. The highest ethanol yield (115 g/kg wheat
straw) was observed for 4% NaBH, pretreated sample (60 min) and the theoretical yield
(86.9%) was also calculated to be highest for the sample.

Results showed that the corn stalks treated with NaOH (83.9%) and NaBH, (82.9%)
gave higher glucan conversion in enzymatic hydrolysis compared to those treated with
H,0, (74.5%) and H,SO, (56.6%). The highest ethanol yield (97.4 g/kg corn stalk) was
obtained when the stalks were pretreated with 4% NaBH,4 for 90 min; the theoretical
ethanol yield was found to be 72.5%.

On the other hand, 4% NaBH,; (90 min) delignified the highest amount of lignin
(49.1%) from the hazelnut husks structure. Pretreatment with NaOH and NaBHy,
compared to H,O, and H,SO, resulted in selective delignification. The highest glucan
to glucose conversion (74.4%) and the highest ethanol yield (52.6 g/kg husks) were
observed for hazelnut husks treated with 2% NaOH for 90 min.

Among the raw materials, wheat straw was found to be the most suitable for bioethanol
production. In addition, results indicated that, pretreatment chemical of NaBH,4 was as
effective as NaOH.

Keywords: Bioethanol, Corn stalk, Hazelnut husk, Pretreatment, Wheat straw.



OZET

ENZIMATIK HIDROLIZ ISLEMI iLE EKIiN SAPI, MISIR SAPI VE FINDIK
ZURUFUNDAN BIYOETANOL URETIMi

Ayhan TOZLUOGLU
Diizce Universitesi
Fen Bilimleri Enstitiisii, Orman Endiistri Mithendsiligi Anabilim Dali
Doktora Tezi
Danisman: Dog. Dr. Yalgin COPUR
Ekim 2012, 132 sayfa

Ulkemiz diinyanin sayili tarmm iireticisi iilkeleri arasinda bulunmaktadir. Ekin sap,
musir sap1 ve findik zurufu atiklarmin mevcut potansiyel durumu géz 6niine alindiginda
bu lignoseliilozik biyokiitlelerin biyoetanol iiretiminde degerlendirilmesi 6nem arz
etmektedir. Gelismekte olan yeni biyoteknolojik yaklagimlar sayesinde bu tarz
yenilenebilir lignoseliilozik biyokiitlelerden biyoetanol iiretimi, c¢evresel pozitif
katkilarinin yani sira iilke ekonomisini de olumlu yonde etkileyecektir. Bu c¢alismada
ekonomik degeri diisiik/yok olan lignoseliilozik biyokiitlelerden ekin sap1, misir sap1 ve
findik zurufunun biyoetanol iiretiminde kullanim olanaklar: arastirilmistir. On muamele
islemlerinde kullanilan geleneksel kimyasallara (H,SO4, NaOH, H,0,) alternatif olarak
NaBH, kimyasali bu calismada ilk kez 6n muamele amaciyla kullanilmastir.

Elde edilen veriler ekin sapi i¢cin degerlendirildiginde enzimatik hidroliz isleminde
NaOH (%87.8) ve NaBH, (%83.3)’tin H,O, (%74.7) ve H,SO4 (%71.7)’e nazaran daha
etkin olduklar1 ve daha yiiksek oranda glukan-glukoz doniisiimii sagladiklar1
gbzlemlenmistir. En yiiksek etanol verimi (115 g/kg ekin sap1) %4 NaBH, ile 60 dak
stireyle muamele edilen 6rnekte belirlenmis olup teorik verim ayni 6rnek i¢in %86.9
dur.

Misir sapmnda NaOH (83.9%) ve NaBH; (82.9%) enzimatik hidroliz isleminde en
yiiksek glukan-glukoz doniigiimii ortaya koymus olup, en yiiksek etanol verimi (97.4
g/kg musir sap1) musir sapt % 4NaBH; ile 90 dak siire ile muamele edildiginde
belirlenmistir. Bu 6rnek i¢in teorik verim degeri %72.5 tir.

Findik zurufu i¢in yapilan ¢alismalarda ise NaBHslin en yiiksek miktarda yapidan
lignini uzaklastirdig1 belirlenmis ve NaOH ve NaBH;’iin H,O, ve H,SOs’e nazaran
daha secici lignin delignifikasyonu sagladiklar1 tespit edilmistir. Enzimatik hidroliz
isleminde en yiiksek glukan-glukoz doniisimii (%74.4) ve en yiiksek etanol verimi
(52.6 g/kg findik zurufu) 6rnekler %2 NaOH ve 90 dak siire ile muamele edildiginde
gbzlemlenmis olup bu 6rnek i¢in teorik verim degeri %72.6 olarak belirlenmistir.
Numuneler kendi aralarinda karsilastirildiginda ekin sapmin biyoetanol iiretimi igin
kullanimmin daha uygun oldugu goriilmektedir. Ayrica kimyasal 6n muamelelerde
NaOH ve NaBHj, iin etkin olduklar1 gériilmektedir.

Anahtar sozciikler: Biyoetanol, Misir sap1, Findik zurufu, On muamele, Ekin sapu.



GENIS OZET

ENZIMATIK HIDROLIZ ISLEMI iLE EKIiN SAPI, MISIR SAPI VE FINDIK
ZURUFUNDAN BIYOETANOL URETIMi

Ayhan TOZLUOGLU
Diizce Universitesi
Fen Bilimleri Enstitiisii, Orman Endiistri Mithendsiligi Anabilim Dali
Doktora Tezi
Danisman: Dog. Dr. Yalgin COPUR
Ekim 2012, 132 sayfa

1. GIRIS

Diinya niifusunun hizla artmasma paralel olarak insan ihtiyaclar1 her gecen giin
artmakta ve bu ihtiyaglarin karsilanabilmesi i¢in iiretimin de artirilmasi kag¢imnilmaz
olmaktadir. Bu noktada 6nemli iiretim fonksiyonlarindan biri olan enerjinin de bol
miktarda elde edilmesi gerekmektedir. Giderek artan fiyatlar ve 06zellikle petrol
gereksinimini dig alim yolu ile karsilayan tilkeler i¢cin degisik bir enerji kaynagi olarak
lignoseliilozik maddelerden yararlanmak iizere, biyokiitle miktarmnin yiikseltilmesine,
kimyasal maddelere doniistiirmeye ve uygun isleme olanaklarina yonelik caligmalar
yapilmaktadir. Bu c¢alisma kapsaminda lignoseliillozik maddelerden biri olan ve
tarlalarda ciliriimeye birakilan veya yakilmak suretiyle yok edilirken ¢evreye zarar veren
findik zurufundan biyoetanol {iretim olanaklar1 arastirilmistir. Diinyada birgok yillik
bitki saplar1 ve lignoseliilozik atik maddelerinden biyoetanol eldesi konusunda
arastirmalar mevcut olmasma karsilik findik zurufunun bu amacla kullanimi konusunda
herhangi bir literatiir mevcut degildir. Findik zurufuna ek olarak iilkemizde bol
miktarda bulunan yillik bitki atiklarindan ekin ve musir saplarmin biyoetanol iiretimde
kullanim olanaklar1 da bu ¢alisma kapsaminda arastirilnistir. On muamele islemlerinde
kullanilan geleneksel kimyasallara (H,SO.s, NaOH, H,0,) alternatif olarak NaBH,

kimyasali bu caligsmada ilk kez 6n muamele amaciyla kullanilmastir.
2. MATERYAL VE YONTEM

Bu c¢aligmada hammadde olarak kullanilan ekin ve musir saplart ile findik zurufu

ornekleri Diizce ili bolgesinden lokal olarak temin edilmistir. Hammaddeler enzimatik



hidroliz isleminin etkinligini ve fermentasyon sonrasi etanol verimini artirmak amaciyla
bir dizi 6n muamele islemine tabi tutulmus olup bu maksatla numunelere énce buhar
patlatma sonra gesitli kimyasal 6n muamele islemleri uygulanmigtir. Buhar patlatma
islemi 198-200°C sicaklik ve 15 bar basing altinda 5 dak siireyle reaktdr icerisinde
gergeklestirilmistir.  Kimyasal 6n muamele islemi i¢in %0.5, 2 ve 4 (w/v)
konsantrasyonlarinda hazirlanan NaOH, H,SO4, H20;, ve NaBH, soliisyonlarindan 400
ml almarak iclerinde 40 g (firin kurusu) numuneler olan posetlere konulmustur (%10
(w/v) kat1 madde oraninda). Kimyasal muamele islemleri 121°C sicaklik ve 15 psi
(103.4 KkPA) basing altinda 30, 60 ve 90 dak siireyle otoklav igerisinde
gerceklestirilmistir. Siire bitiminde numuneler filtrasyona tabi tutularak sivi ve kati
kisma ayrilmistir. Enzimatik hidroliz isleminde Celluclast (700 U/g) ve Cellobiase
(Novozym 188) (250 U/g) enzim karigimlart kullanilmig ve enzim reaksiyonu calkantili
inkiibatorde 42°C ve 100 rpm’de 72 sa siireyle gerceklestirilmistir. Hidroliz sonrasi
hidrolizatlarin fermentasyonu igin Saccharomyces cerevisiae ATCC 26602 mayasi
kullanilmis ve islem c¢alkantili inkiibatorde 100 rpm, 72 sa ve 30°C’de
gergeklestirilmistir.

3. BULGULAR VE TARTISMA

Buhar patlatma islemi sonrasi elde edilen veriler genel olarak incelendiginde, buhar
patlatma 6n muamelesi daha fazla hemiseliilozik sekeri misir ve ekin sapindan ¢ozmiis,
daha fazla lignini ise findik zurufundan uzaklastrmustir. Kimyasal 6n muamele
islemlerinde ise ekin sapinda en fazla glukan ¢oziiniirligi (%16.7) %0.5 H,SO,4 (30
dak), en fazla ksilan ¢oziiniirliigi (%75.0) %4 NaOH (60 dak) ve en fazla lignin
rediiksiyonu (%66.3) %2 NaOH (90 dak) 6n muameleleri sonrasi gdzlemlenmistir.
Maisir sapinda en fazla glukan ¢oziiniirligii (%42.5) %4 NaOH (90 dak), en fazla ksilan
¢coziiniirligi (%80.2) %4 NaOH (90 dak) ve en fazla lignin rediiksiyonu (%83.0) %4
NaOH (90 dak) 6n muameleleri sonrast gézlemlenmistir. Findik zurufunda ise en fazla
glukan ¢oziiniirliigii (%29.9) %4 NaBH4 (90 dak), en fazla ksilan ¢oziiniirligii (%78.0)
%4 NaOH (90 dak) ve en fazla lignin rediiksiyonu (%42.4) %2 NaBH; (90 dak) 6n
muameleleri sonrasi gézlemlenmistir. Enzimatik hidroliz islemi sonucu ekin sapinda en
yiiksek glukan-glukoz doniistiimii NaOH (%83.3) i¢in gerg¢eklesmis olup, bunu sirasiyla
NaBH; (%83.3), H,0, (%74.7) ve H,SO4 (%71.7) 6n muameleleri izlemistir. Misir
sapinda en yiiksek glukan-glukoz doniisimii NaOH (%83.9) i¢in gergeklesmis olup,



bunu sirastyla NaBHs (%82.4), H,O, (%74.5) ve H,SO4 (%56.6) 6n muameleleri
izlemistir. Findik zurufunda ise en yiiksek glukan-glukoz doniisiimii NaOH (%74.4) i¢in
gerceklesmis olup, bunu sirasiyla NaBH, (%61.8), H20, (%58.8) ve H,SO,4 (%54.3) 6n
muameleleri izlemistir. Ekin sapinda en yiiksek etanol verimi (115 g/kg ekin sapi)
ornekler %4 NaBH, ile (60 dak) muamele edildiginde belirlenmis olup teorik verim
ayni O0rnek i¢in %86.9°dur. Misir sapinda ise en Yyiiksek etanol verimi (97.4 g/kg musir
sap1) ornekler % 4NaBHy, ile (90 dak) muamele edildiginde belirlenmistir. Bu 6rnek igin
teorik verim degeri %72.5°dir. Findik zurufunda en yiiksek etanol verimi (52.6 g/kg
findik zurufu) 6rnekler %2 NaOH ile (90 dak) muamele edildiginde gézlemlenmis olup

bu 6rnek i¢in teorik verim degeri %72.6 olarak belirlenmistir.
4. SONUC VE ONERILER

Calisma kapsaminda ekin sap1, misir sap1 ve findik zurufu numuneleri, buhar patlatma
ve takibinde ¢esitli kimyasal 6n muamele islemlerine tabi tutulmus ve bu 6n muamele
islemlerinin enzimatik hidroliz islemi ve etanol verimliligi iizerindeki etkileri
belirlenmistir. Elde edilen veriler genel olarak incelendiginde, lignoseliilozik yapidan
maksimum oranda ksilan ve lignin uzaklastirildiginda enzimatik hidroliz isleminin
olumlu yonde etkilendigi ve takibinde etanol veriminin arttig1 tespit edilmistir.
Calismada kullanilan ic hammadde tiirii i¢inde en yiiksek ksilan ¢6ziiniirliigii NaOH ve
en yiiksek lignin rediiksiyonu NaBH4 6n muamele islemlerinden sonra gézlemlenmistir.
Bu 6n muame islemleri sonrasinda enzimatik hidroliz islemine tabi tutulan numunlerde
glukan-glukoz doniisiimiiniin dnemli derecede arttig1 belirlenmistir. Ozellikle lignin
rediiksiyonunun ksilan ¢oziiniirliigline gore enzimatik islem iizerindeki etkisinin daha
yiiksek oldugu ve dolayisiyla diger tiim 6n muamele kimyasallarina nazaran NaBH,4’lin
lignoseliilozik biyokiitlelerden biyoetanol iiretiminde NaOH kadar aktif bir kimyasal
olarak kullanilabilecegi tespit edilmistir. Kimyasal 6n muamele islemlerinde farkl siire,
sicaklik, basing ve konsantrasyon parametrelerinin optimizasyonuyla daha etkin bir 6n
islemin gerceklestirilebilecegi, enzimatik hidroliz islemi sirasinda farkli enzim
kombinasyonlarinin degisen siire ve konsantrasyon parametrelerinde uygulanisi ve
fermentasyon isleminde 5C ve 6C’lu karbonhidratlar1 fermente edici farkli maya
ve/veya bakteri tiirlerinin denenmesiyle bu tarz lignoseliilozik biyokiitlelerden etanol

veriminin daha da artirilabilecegi diistintilmektedir.



1. INTRODUCTION

World population is expected to be over eight billion by 2030, causing a 50 percent
increase in the global energy demand, and this expansion of human population is
expected to result in future energy shortages. Currently, energy needs are mostly
supplied from conventional fossil fuels; their use pollutes the environment and thus
dramatically increases the greenhouse gases in the atmosphere. Consequently,
alternative energy sources have recently become of interest to researchers.

Presently, there is the utmost need for alternative energy resources which are cheap,
renewable and do not cause pollution. Therefore, attention is being given to alternate
and renewable energy sources such as solar, wind, thermal, hydroelectric, biomass, etc.
Biomass is the fourth largest source of energy in the world after coal, petroleum and
natural gas, and provides about 14% of the world’s primary energy consumption.
Renewable biomass is being considered as an important energy resource all over the
world. Biomass is used to meet a variety of energy needs, including generating
electricity, fueling vehicles and providing process heat for industries (Bridgewater et al.
1999). It is the only renewable source of carbon that can be converted into convenient
solid, liquid and gaseous fuels through different conversion processes (Ozbay et al.
2001).

The history of ethanol as a fuel dates back to the early days of the automobile era.
However, cheap petrol (gasoline) quickly replaced ethanol as the fuel of choice, and it
was during the late 1970’s, when the Brazilian government launched their ‘‘Proalcool’’
Programme, that ethanol made a comeback to the marketplace. Today, fuel ethanol

accounts for roughly two-thirds of world ethyl alcohol production (Saxena et al. 2009).

The expansion of the ethanol market has led researchers to investigate alternative low-
cost materials and methods to produce bioethanol. Lignocellulosic materials such as
wood and agricultural residues make them a valuable resource for energy production.
Utilizing abundant lignocellulosic waste is one especially good possible alternative. The
usage of several agricultural residues in bioethanol production has already been studied
(Balat et al. 2008).

Wheat is the world’s most widely-grown crop, and 850 Tg of wheat straw residues are



produced annually (Atwell 2001). Up to 238 GL of bioethanol could be produced from
this residue. Wheat straw is also the largest biomass cultivated in Europe (Kim and Dale
2004). In addition, approximately 40-53 million t of straw is produced in Turkey per
year (Ergudenler and Isigigur 1994). Burning wheat straw has been a long-time practice
and produces a large amount of air pollutants (Li et al. 2008) which result in health
problems. The cellulose, hemicellulose and lignin contents of wheat straw are 33-40,
20-25 and 15-20% w/w, respectively (Prasad et al. 2007), with the variation in
composition depending on the wheat species, soil, climate conditions, etc.

Corn stalks, rich in natural cellulose (35-50%) (Fei and Hongzhang 2009), are an
abundant, renewable, low-cost and widely-available resource in Turkey. Their use as a
substrate in bioethanol production may also result in decreasing the soil and air
pollution associated with discarding and burning the stalks. Earlier studies have
examined the use of corn stover (Kadam and McMillan 2003) and corn kernels (Tang et
al. 2011) in ethanol production; however, few studies have been done on corn stalks (Fei
and Hongzhang 2009). Corn kernels (Tang et al. 2011), high in glucan and easily
broken down to fermented sugars, could be utilized as a raw material in ethanol
production; however, it should be taken into consideration that using corn kernels or

other food resources might compete with human and animal food needs.

Nearly 70% of the world’s hazelnuts are grown in Turkey, which makes it a significant
hazelnut producer. Based on this production, the amount of husk waste is estimated to
be 200,000 t/year (Midilli et al. 2000). This abundant agricultural waste has had no
economic value to date and is usually burned in the fields, causing air pollution and soil
erosion. In addition, the burning decreases the biological activity of the soil (Arslan and
Saracoglu 2010). Any possible industrial usage of hazelnut husks can be expected to
yield economic as well as environmental dividends. The literature on using husk waste
in industrial applications has been very limited. In earlier studies, the possible usage of
husk waste in particleboard (Copur et al. 2007, Guler et al. 2009) and medium-density
fiberboard (Copur et al. 2008) production was examined. The only work using hazelnut
shells as a renewable and low-cost lignocellulosic material for bioethanol production
was carried out by Arslan and Saracoglu (2010). They were able to achieve a good
fermentability when the lignin content of the shells was removed by treatment with 3%

NaOH before the hydrolysis step. The ethanol yield was 0.084g ethanol/g of hazelnut



shells.

Similar to other biomass, wheat straw, corn stalks and hazelnut husks consist of
cellulose, hemicelluloses, and lignin with a small amount of extractives and ash. The
cellulose in these kinds of lignocellulosic materials has a tightly-packed structure that
does not allow penetration of water or enzymes (Laureano-Perez et al. 2005). Due to the
complex structure of lignocellulosic materials, bioethanol production from them
requires at least four major steps: pretreatment, hydrolysis, fermentation and distillation
(Talebnia et al. 2010).

The pretreatment methods are classified as physical, physico-chemical, chemical and
biological processes. The application of pretreatments is expected to improve the
cellulose accessibility of hydrolytic enzymes, while decreasing hemicelluloses and
cellulose degradation during the process. If degradation occurs, it may result in a lower
ethanol yield. In addition, degradation byproducts may inhibit the effectiveness of the

yeast used in the fermentation process (Ohgren et al. 2007).

The physical application consists of size reduction by milling/grinding and chipping.
Reduced material size improves the efficiency of the following treatment step due to a
higher specific surface area of the material being processed. Physico-chemical methods
are practiced to solubilize lignocellulosic components from the material structure based
on pH, temperature and moisture content, and make the material easily exposed for the
next processing step. Steam explosion is a commonly utilized physio-chemical method
for treating lignocellulosic materials. In this method, the materials are exposed to
pressurized steam for a time period and then expelled from the vessel. This procedure
breaks down the lignocellulosic structure by dissolving some hemicelluloses and
cellulose, depolymerizing the lignin components and defibering the cell walls (Cara et
al. 2006).

Chemical methods were originally developed and extensively used in the paper industry
to produce high-quality paper products by delignifying the cellulosic materials (Fan et
al. 1982). Effective and inexpensive chemical treatment techniques have been
developed for biomass bioconversion by modifying the chemical pulping processes.
Alkali treatments remove lignin and various uronic acid groups of hemicelluloses and

improve the accessibility of enzymes to the hemicelluloses and cellulose (Chang and



Holtzapple 2000). Sodium hydroxide (NaOH) breaks the ester linkages between lignin
and xylan and deprotonates the phenolic lignin groups. Swelling and partial
hemicellulose solubilization results in the distribution of cellulose and hemicelluloses
bonds and causes some glucan dissolution (Chen and Sharma-Shivappa 2007). Acid
applications improve the accessibility of enzymes to biomass (Balat et al. 2008).
Sulfuric acid (H2SO.) removes hemicelluloses from cell wall structures and increases
the structure porosity. Maximum enzymatic digestibility may be possible with the
removal of all hemicelluloses from the structure (McMillan 1994). Hydrogen peroxide
(H20,) is a well- known bleaching agent in the paper and cellulose industry. Oxidative
delignification is utilized to detach and solubilize the lignin and to loosen the
lignocellulosic matrix, thus improving enzymatic digestibility (Rabelo et al. 2011).

Turkey has 71.3% of the world’s boron (B,O3) reserves. It can be valuable to examine
the use of this chemical in other industrial applications. As is known, borohydrate is a
powerful reducing agent that degrades the lignin in the structure. On the other hand, it
converts the carbonyl group in the reducing end units of the carbohydrate chains to
hydroxyl groups, therefore preserving the carbohydrates. Several boron derivates have
been studied for pulp production (Copur and Tozluoglu 2007), but there is no literature
on boron derivatives in the chemical pretreatment step of bioethanol production. One
important disadvantage of NaBH, is the price of the chemical. The pulping additive
sodium borohydrate (NaBH,) is utilized to improve pulping selectivity by preventing
peeling reactions and hemicelluloses degradation (Hoije et al. 2005); NaBH, degrades

lignin more selectively (Copur et al. 2012).

1.1. LITERATURE REVIEW
1.1.1. Defining the Resources

Biorenewable resources are usually classified as either waste or dedicated energy crops.
Categories of waste materials that qualify as biorenewable resources include
agricultural residues, yard waste, municipal solid waste, food processing waste, and
manure. Agricultural residues such as corn stover, rice hulls, wheat straw, cotton stalks,
and bagasse, are the portion of the crop discarded after harvest. Municipal solid waste

(MSW) is waste discarded as garbage, not all of which is suitable as biomass feedstock.



In communities where yard waste is excluded, the important components of MSW are
paper (50%), plastics and other fossil-fuel-derived materials (20%), food wastes (10%),
and non-flammable materials including glass and metal (20%) (Brown 2003). Food
processing waste is the effluent from a variety of industries ranging from breakfast
cereal manufacturers to alcohol breweries. One of the major benefits of using waste
products for conversion to fuels and chemicals is their low cost. By definition, waste
products have minimal economic value and can be acquired for little more than the cost
of transporting the material from the point of origin to a processing plant. Sometimes,
when a biorenewable resource processing plant is paid by a company to dispose of a
waste stream, there is even a negative cost associated with the acquisition of the
biomass (Brown 2003).

Dedicated energy crops are the other classification of biorenewable resources. These
crops are defined as plants specifically grown for applications other than food or feed.
Numerous crops have been proposed or are being tested for commercial energy farming.
Potential energy crops include woody crops and grasses/herbaceous plants, starch and
sugar crops, and oilseeds. In general, the characteristics of the ideal energy crop are:
high vyield, low energy input to produce, low cost, composition with fewest

contaminants, and low nutrient requirements (McKendry 2002).
1.1.2. Interest in Biomass and Biobased Products

In the past 10 years there has been a renewed world-wide interest in biomass as an
energy source (McKendry 2002). Technological developments relating to crop
production, conversion, etc., give a double promise of biomass at lower cost along with
higher conversion than was previously possible. More advanced options for electricity
production also appear promising and would allow a cost-effective use for energy crops
in operations such as production of methanol and hydrogen by gasification processes
(McKendry 2002).

Air pollution is an important factor motivating interest in alternative fuels at the global
level. Carbon dioxide (CO;) is responsible for more than half of the projected
anthropically-mediated climate change. Transportation fuels account for 27% of the 2.2
billion MT of CO, released annually in the United States (US) from combustion of

fossil fuels. Vehicles account for 4.7% of total worldwide CO, emissions, with US
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vehicles accounting for 2.5% of the total emissions (Ramamurthi and Bali 2000). The
use of biomass to produce energy has the potential to reduce the high emission levels of
greenhouse gases. When produced by sustainable means, biomass emits roughly the
same amount of carbon during conversion as is taken up during plant growth, so the use
of biomass does not contribute to a buildup of CO; in the atmosphere (McKendry 2002).

1.1.3. Fuel Ethanol

Bioethanol (ethyl alcohol, grain alcohol, CH3—CH>—OH or ETOH) is a liquid biofuel
which can be produced from several different biomass feedstocks and conversion
technologies. Bioethanol is an attractive alternative fuel because it is a renewable bio-
based resource; it is oxygenated, and thereby provides the potential to reduce particulate
emissions in compression ignition engines (Hansen et al. 2005). However, corn ethanol
production causes more soil erosion and uses more nitrogen fertilizer than any other
crop grown. These two environmental limitations also apply to sugar cane production in
Brazil (Pimentel 2003).

Bioethanol has a higher octane number, broader flammability limits, higher flame
speeds and higher vaporization temperatures than gasoline. These properties allow for a
higher compression ratio, shorter burn time and leaner burn engine, which lead to
theoretical efficiency advantages over gasoline in an internal combustion engine (Balat
2007). Disadvantages of bioethanol include its lower energy density than gasoline (66%
of the energy of gasoline), its corrosiveness, low flame luminosity, lower vapor pressure
(making cold starts difficult), miscibility with water, and toxicity to ecosystems

(MacLean and Lave 2003). Some properties of alcohol fuels are shown in Table 1.1.

Ethanol is an oxygenated fuel that contains 35% oxygen, which reduces particulate and
NOx emissions from combustion. Ethanol has a higher octane number (107) than
gasoline, broader flammability limits, higher flame speeds and higher vaporization
temperatures. These properties allow for a higher compression ratio and shorter burn
time, which lead to theoretical efficiency advantages over gasoline in an internal
combustion engine (ICE, invented by Nikolas Otto in 1897). Octane number is a
measure of the gasoline quality and can be used for prevention of early ignition, which
leads to cylinder knocks. Higher octane numbers are preferred in internal combustion

engines. An oxygenate fuel such as bioethanol provides a reasonable anti-knock value.
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Also, as it contains oxygen, fuel combustion is more efficient, reducing hydrocarbons
and particulates in exhaust gases. Complete combustion of a fuel requires an existing
amount of stochiometric oxygen. However, the amount of stochiometric oxygen
generally is not enough for complete combustion. The oxygen content of a fuel
increases its combustion efficiency. Because of this, the combustion efficiency and

octane number of bioethanol are higher than those of gasoline.

Table 1.1. Some properties of alcohol fuels (Balat 2007).

Fuel property Isoctane  Methanol Ethanol
Cetane number - 5 8
Octane number 100 112 107
Auto-ignition temperature (K) 530 737 606
Latent heat of vaporization (MJ/kg) 0.26 1.18 0.91
Lower heating value (MJ/kg) 44.4 19.9 26.7

The presence of oxygen in bioethanol improves combustion and therefore reduces
hydrocarbon, carbon monoxide, and particulate emissions, but oxygenated fuels also
tend to increase nitrogen oxide emissions. In a gasoline engine, bioethanol is
appropriate for the mixed fuel because of its high octane number and its low cetane
number. Its high vaporization temperature impedes self-ignition in a diesel engine, so
ignition improver, glow-plugs, surface ignition, and pilot injection are applied to
promote self-ignition when using a diesel/ bioethanol blended fuel (Kim et al.
2005).The most popular blend for light-duty vehicles is known as E85, and contains
85% bioethanol and 15% gasoline. In Brazil, bioethanol for fuel is derived from
sugarcane and is used pure or blended with gasoline in a mixture called gasohol (24%
bioethanol, 76% gasoline) (de Oliveria MED et al. 2005). In several states of the US, a
small amount of bioethanol (10% by volume) is added to gasoline and called gasohol or
E10. Blends having higher concentrations of bioethanol in gasoline are also used, e.g. in
flexible-fuel vehicles (FFV) that can operate on blends of up to 85% bioethanol-E85
(Malca and Freire 2006). Some countries have exercised biofuel programs involving
both forms of bioethanol/gasoline blend programs, e.g. the United States (E10 and for
FFV, E85), Canada (E10 and for FFV, E85), Sweden (E5 and for FFV, E85), India
(E5), Australia (E10), Thailand (E10), China (E10), Columbia (E10), Peru (E10),
Paraguay (E7), and Brazil (E20, E25 and for FFV, any blend) (Kadiman 2005).

Methanol is produced by a variety of processes, the most common of which is the
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distillation of liquid products from wood, coal, natural gas, and petroleum gas. The cost
of ethanol is higher than that of methanol because ethanol is produced mainly from
biomass bioconversion. The systematic effect of ethyl alcohol differs from that of
methyl alcohol. Ethyl alcohol is rapidly oxidized in the body to CO, and water, and in
contrast to methyl alcohol, no cumulative effect occurs. Methanol is considerably easier
to recover than ethanol. Ethanol forms an azeotrope with water, so it is expensive to
purify ethanol during recovery. If the water is not removed, it will interfere with the

reactions. Methanol recycles easily because it does not form an azeotrope.
1.1.4. Global Liquid Biofuel Production and Main Feedstocks

Bioethanol is the most widely used liquid biofuel. The largest producers in the world are
the US, Brazil, and China. Production of bioethanol from sugarcane in Brazil in 2004
accounted for nearly 18% of the country’s automotive fuel needs. In Brazil, ethanol-
powered and flexible-fuel vehicles are manufactured for operation with hydrated
ethanol (around 93% v/v ethanol and 7% water). As a result of this, together with the
development of domestic deep-water oil sources, Brazil has achieved complete self-

sufficiency in oil (Brown et al. 1998).

World ethanol production (all grades) reached a record 62x10° L in 2007, with the
United States and Brazil as dominant producers (approximately 70%) (Licht 2008a).
Recently the United States surpassed Brazil as the world’s largest producer of
bioethanol. In 2009, the US produced 39.5x10° L of ethanol using corn as a feedstock
(“first generation” of ethanol production) while the second largest producer, Brazil,

created about 30x10° L of ethanol using sugarcane.

Europe is the most important biodiesel producer in the market, with European rapeseed
accounting for 58 percent of global biodiesel produced. Germany, France, the US, and

Italy are the leading producers of biodiesel.

Over 90% of the world’s bioethanol derives from crops (60% from cane sugar and beet
sugar and the remainder from grains, mainly cornstarch, using the “first generation of
biofuel plants”. The US ethanol industry uses corn as its main feedstock (Licht 2008b).
The share of the US corn crop that is consumed by the ethanol industry has grown from

around 5% to more than 25% in 10 years. Brazilian ethanol is produced from sugarcane
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on land that could be used for food production. Practically all biofuels in the world are
produced from feedstocks that could be used to produce food or are produced on land
that could produce food (Banse et al. 2008a). The expansion of biofuel production in the
US, Europe, and South America has coincided with recent sharp increases in prices for
food grains, feed grains, oilseeds, and vegetable oils.

Producing biofuels from the “second generation of biofuel plants” out of feedstocks that
cannot be used directly for food production or do not reduce the amount of land that can
be used to produce food can be accomplished in two ways (Banse et al. 2008b). The
most straightforward way is to capture biomass that is currently treated as either waste
or that is a co-product of existing production processes with currently very low or
negative economic value. Examples of waste streams that could potentially be
converted into biofuels include perennial grasses, agricultural wastes (e.g. wheat straw),
a portion of municipal trash and garbage (e.g. waste paper, waste food scraps, used
cooking oils), crop residues, in particular corn (maize) stover, wheat and rice straw,
wood pulp residues, macroalgae, and forest residues (e.g. wood pieces left over after
timber extraction). Currently these streams often generate negative value in that
consumers and firms must pay for disposal. A recent study estimated that a city of one
million people could provide enough organic waste (1300 t/day) to produce 430,000 L
of bioethanol a day. Horticultural waste biomass (e.g. tree trunks, twigs, and leaves)
could also be a potential source of cellulosic feedstock (Koh and Ghazoul 2008). The
authors estimated that the 50,000-156,000 t of horticultural biomass collected each year
from about 1 million planted trees in Singapore could be used to produce 14-58 million
L of bioethanol, enough to replace 1.6-6.5% of the country’s transport gasoline demand.
New technology that allows for economic conversion of these potential sources of
feedstock for biofuels offers the double benefit of a reduction in global waste and the
generation of valuable transportation fuels. In addition, tapping waste streams places no
burden on the world’s ability to produce food. The second way that biomass can be
created without competing for food land is to use land that is not suitable for producing
food or to grow the biomass without using land. There are large areas in US and Europe
that once produced food crops, but are now in pasture or trees. Conversion of these
lands to the production of woody biomass to be used for cellulosic biofuels would not
affect food prices. The candidate grass species for cellulosic ethanol production include

switch grass (Panicum virgatum), miscanthus (Miscanthus spp.), reed canary (Phalaris
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arundinacea), and giant reed (Arundo donax) (Lewandowski and Kauter 2003,
Lewandowski and Schmidt 2006). Most of these crops can be cultivated on marginal or
agriculturally degraded lands, and thus would not compete with food production. High
diversity mixtures of grassland species can even provide greater bioenergy yields and
greenhouse gas (GHG) reductions than certain conventional bioethanol or biodiesel

production systems.

Forest plantations and agroforestry systems can also serve as potential sources of
cellulosic feedstocks for bioethanol production. Over the past four decades, new forest
plantations in the United Kingdom have been increasing at an average rate of 25,000 ha
per year, mostly in Scotland, northern England, and Wales (Milne and Cannell 2005).
The planted species in these forests include Sitka spruce (Picea sitchensis), Scots pine
(Pinus sylvestris), lodgepole pine (Pinus contorta), hybrid larch (Larix spp.), Douglas
fir (Pseudotsuga spp.), and noble fir (Abies procera). Although these forests have been

planted for timber, they could also be harvested to supply biofuel production.

An example of using the “third-generation of biofuel plants” is to produce biomass
without extensive use of land, using macroalgae as another potential source of biofuel
feedstock. Aquatic unicellular green algae, such as Chlorella spp., are typically
considered for biodiesel production owing to their high growth rate, population density,
and oil content (Campbell 2008). Algae have much higher productivity (90,000 L of
biodiesel per hectare) than soybeans (450 L/ha), rapeseed (1,200 L/ha), or oil palm
(6,000 L/ha) (Haag 2007). In addition to their high yields, macroalgae cultures are not
land-intensive and may provide further benefits of wastewater remediation or nutrient
reduction (Campbell 2008).

1.1.5. Ethanol Demand and Production Perspectives

The demand for bioethanol is expected to increase dramatically until 2020. In 1999 the
US signed an executive order specifying a tripling in the production of biobased
products and bioenergy by the year 2020. As a consequence, US oil imports will be
reduced by nearly 4 billion barrels over that time. Efforts to decrease GHG emissions
are expected to spur the production of renewable energy sources by 6% within the
European Union (EU) by 2020 (Zaldivar et al. 2001). In France, the approval of a clean

air act could increase ethanol production to 500 million L. Similar projects in Spain,
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Sweden and the Netherlands are expected to increase the utilization of ethanol to
account for 15% of transportation fuels by 2020 (Anonymous 2012c). The EU market
for fuel ethanol will grow considerably in the coming years, as a result of the EU policy
to substitute 8% of fossil transport fuels by renewable biofuels by the year 2020.

The cost of raw material dominates the cost of total ethanol production. To attain
commercial interest, the costs of bioethanol production must be reduced, and a
sufficient amount of cheap and readily available raw material is a necessity. Currently,
the lowest cost routes are to produce bioethanol from US corn or Brazilian sugarcane.
Process options which involve the importation of intermediate products (sugar
concentrate) prior to processing are less cost-effective. None of the biofuel options are
currently cost-competitive with petrol or diesel on a pre-tax basis. The lowest cost
biofuel, bioethanol from Brazilian sugarcane, is about 40% more expensive than
gasoline on an energy basis. According to some studies (Anonymous 2010a), by 2020,
minimum costs of bioethanol are expected to fall by about 10% compared to the 2002
values. The perspective for the fuel pathways for bioethanol production up to the year
2020 are:

e Inthe EU countries for bioethanol production from wood, straw, wheat or corn.
e In North America for bioethanol from wood, straw, wheat or corn.
e In South America for bioethanol from sugarcane.

e In Eastern Europe for bioethanol from wood, straw, wheat or corn.
1.1.6. Ethanol Market in Turkey

The Turkish government did not specify any criteria at the initial stages of the
establishment of the Turkish biofuels sector. There are currently four bioethanol
production facilities established in Turkey. However, only one of them is actively
operating. This facility uses mostly corn and very rarely wheat as raw material. The
total capacity of the sector is currently 160,000 MT; the total production in 2009 was
40,000 MT. Approximately 150,000 MT of corn was used to produce 40,000 MT
bioethanol in 2009 (Erkut 2010). Bioethanol produced from 2004 to date has been
mixed only up to 2% to gasoline due to the Private Consuming Tax (OTV) applied in

Turkey. The use of bioethanol is expected to increase, depending on the new regulations
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in future (Anonymous 2010b).
1.1.7. Feedstocks for Bioethanol Production
Sucrose to Ethanol

The most common disaccharide used for bioethanol production is sucrose, which is
composed of glucose and fructose. Sucrose contributed to 48% of the world’s fuel
ethanol production in 2006 (Licht 2006). Fermentation of sucrose is performed using
commercial yeast such as Saccharomyces cerevisiae. The chemical reaction is a result
of enzymatic hydrolysis followed by fermentation of simple sugars. First, invertase (an
enzyme present in the yeast) catalyzes the hydrolysis of sucrose to convert it into
glucose and fructose. Then, another enzyme (zymase), also present in the yeast, converts
the glucose and the fructose into ethanol and CO,. One ton of hexose (glucose or
fructose) theoretically yields 511 kg of ethanol. However, the practical efficiency of

fermentation is about 92% of this yield.

In the bioethanol industry, the sucrose feedstock is mainly sugarcane and sugar beet. It
may also be sweet sorghum. A significant share of the fuel ethanol worldwide comes
from sugarcane juice, Brazil being the main producer. In 2005, Brazil produced 16
billion L of fuel ethanol, 2 billion of which was exported. Another potential large
producer of sugarcane to ethanol is India, which together with Brazil are the world
leaders of sugarcane production. However, Indian bioethanol production is currently
low; around 300 million L were produced in 2005, mainly from sugarcane molasses.
The EU is also a potentially large producer of ethanol based on sugar beet juice. Sugar
beet currently plays a minor role in the production of ethanol in the EU compared to
wheat, but its market share could increase significantly in the future due to the new
incentives given by the EU for energy crops. In 2005, around 950 million L of

bioethanol were produced in the EU.
Starch to Ethanol

For converting starch to ethanol, the polymer of a-glucose is first broken through a
hydrolysis reaction with glucoamylase enzyme. The resulting sugar is known as

dextrose, or D-glucose that is an isomer of glucose. The enzymatic hydrolysis is then
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followed by fermentation, distillation, and dehydration to yield anhydrous ethanol.

In the fuel bioethanol industry, starch is mainly provided by grains (corn, wheat, or
barley). Corn, which is the dominant feedstock in the starch-to-ethanol industry
worldwide, is composed of 60 to 70% starch. Conversion to ethanol is achieved in dry
or wet mills. In the dry milling process, the grain is ground to a powder, which is then
hydrolyzed and the sugar contained in the hydrolysate is converted to ethanol, while the
remaining flow containing fiber, oil, and protein is converted into a co-product known
as distillers grains (DG), or DGS when it is combined to produce syrup. The co-product
is made available either wet (WDGS), or more commonly dried (DDGS), and is sold as
animal feed. WDGS is preferably reserved for local markets, while the co-product is
usually dried if the feed has to be shipped far away. Another co-product may be carbon
dioxide, which can be sold for different applications (e.g. carbonated beverages or dry
ice). Dry mills are dominant in the grain-to-ethanol industry. However, in a number of
large facilities, the mills are kinds of biorefineries in which the grains are wet-milled
first to separate the different components, that is, starch, protein, fiber, and germ, before

converting these intermediates into final co-products.

The US is the leading grain-based ethanol producer in the world and the second
producer with all feedstocks inclusive. There was a rapid increase of its production of
fuel ethanol from 8 billion L in 2002 to 15 billion L in 2005. Corn-to-ethanol mills
represented around 93% of the 18.5 billion L of US bioethanol capacity in 2006. The
renaissance of fuel ethanol in the US started with the world oil crises of 1973 and 1979,
the aim being to improve the security of the energy supply. Later on, ethanol was used
as a substitute for lead in gasoline. Finally, the Clean Air Act of the 1990°s spurred on
the use of bioethanol as an oxygenated compound in the reformulated gasoline,
especially in areas where smog was an issue. Ethanol competes with methyl-tertiary-
butyl-ether (MTBE) as an oxygenate. The ban on MTBE in several states launched the
irresistible rise of ethanol in the US oxygenate market. Besides these uses, fuel ethanol
is also marketed as a gasoline extender and octane booster. Gasohol, a blend of 10%
ethanol and 90% gasoline by volume, is used in conventional internal combustion
engines. FFVs are currently emerging in the new car market. Other major grain-to-
ethanol producers are the EU, where wheat is the dominant feedstock. Canada and

China are producers as well. South Africa has also launched an ambitious corn-to-
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ethanol program (Pandey 2009).
Lignocellulosics to Ethanol

Lignocellulosic biomass, such as agricultural residues, wood and energy crops, is an
attractive material for bioethanol fuel production since it is the most abundant
reproducible resource on the earth. Lignocellulosic biomass could produce up to 442
billion L per year of bioethanol. Thus, the total potential bioethanol production from
crop residues and waste crops is 491 billion L per year, about 16 times higher than the
current world bioethanol production (Kim and Dale 2004).

Cellulose

Y |
oy :
Hemicellulose

Cellulose
bundles

Figure 1.1. Structure of plant cell walls (Shleser 1994).

The basic structure of all lignocellulosic biomass consists of three basic polymers:
cellulose (CgH100s)x, hemicelluloses such as xylan (CsHgOg4)m, and lignin
[CoH1003(OCH3)09-1.7]n (Figure 1.1) in trunk, foliage, and bark (Demirbas 2005a, Arin
and Demirbas 2004).

The cost of bioethanol production from lignocellulosic materials is relatively high when
based on current technologies, and the main challenges are the low yield and high cost
of the hydrolysis process (Sun and Chen 2002). Because the feedstock can represent
>40% of all process costs, an economical biomass-to-bioethanol process depends
critically on the rapid and efficient conversion of all of the sugars present in both its

cellulose and hemicellulose fractions (Mohagheghi et al. 2002).
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Feedstocks used in this study:

e Wheat straw (Triticum aestivum L.): Wheat is the world’s most widely-grown crop,
and 850 Tg of wheat straw residues are produced annually (Atwell 2001); up to 238 GL
of bioethanol could be produced from this residue. Wheat straw is also the largest
biomass cultivated in Europe (Kim and Dale 2004). According to the Turkish Statistical
Institute’s report, Turkey’s wheat production was 21.8 million t in 2011 (Anonymous
2012a). Burning wheat straw has been a long-time practice, and this burning produces
large amounts of air pollutants (Li et al. 2008) and resulting health problems. Similar to
other biomass, wheat straw consists of cellulose, hemicelluloses and lignin with a small
amount of extractives and ash. The cellulose, hemicellulose and lignin contents are 33-
40, 20-25 and 15-20 % wi/w, respectively (Prasad et al. 2007), the variation in
composition depending on the wheat species, soil, climate conditions, etc. The cellulose
in wheat straw has a tightly-packed structure that is impenetrable to water and enzymes
(Laureano-Perez et al. 2005). On the other hand, hemicelluloses could be processed by
dilute acids and hemicelluloses enzymes. The complex structure of lignin, connected
with cellulose and hemicelluloses in the structure, makes its removal complicated. Due
to its complex structure, bioethanol production from wheat straw requires at least four
major steps: pretreatment, hydrolysis, fermentation and distillation (Talebnia et al.
2010).

e Corn stalks (Zea mays L.): Corn (maize) is a significant crop all around the world.
The annual production worldwide is about 520 x10° kg. The major production regions
are North America (42%), Asia (26%), Europe (12%) and South America (9%) (Kim
and Dale 2004). According to the Food and Agriculture Organization (FAQO), worldwide
production of corn in 2002 was 604x10°t cultivated in 1383x10° m?, 134 of which were
cultivated in Europe (Anonymous 2004a). On the other hand, Turkey’s corn production
was 4.2 million t in 2011 (Anonymous 2012a). Corn stalks, rich in natural cellulose (35-
50%) (Fei and Hongzhang 2009), are an abundant, renewable, low-cost and widely
available resource in Turkey. However, most corn (about 64% of global production) is
used for animal food. The amount for human needs is 19%, while only 5% of global
production is lost as waste. Wasted corn can be utilized as feedstock for bioethanol
production (Kim and Dale 2004). Its use as a substrate in bioethanol production may

also result in decreasing the soil and air pollution associated with discarding the stalks.
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For the past 15 years, maize has been used as raw material for bioethanol production,
which tripled up to 28x10°t in 2003. Corn residue may contain valuable materials, but
the current economic values are less than the apparent cost of collection, transportation
and processing for beneficial use (Tsai et al. 2001). Currently, this agricultural waste is
being studied as a raw material for energy and active carbon preparation.

e Hazelnut husks (Corylus colurna L.): Among the nut species, hazelnuts play a major
role in human nutrition and health because of their special composition of fat (mainly
oleic acid), protein, carbohydrate, vitamins (vitamin E), minerals, dietary fiber,
phytosterols (p-sitosterol) and antioxidant phenolics. The nutritional and sensory
properties of hazelnuts make them unique and an ideal ingredient in various food
products. Turkey cultivates hazelnuts in an area of about 600,000 ha and produces
approximately 550-650,000 t/in-shell a year. Turkey contributes more than 75% of the
world’s total production of hazelnuts (Anonymous 2012b). Based on the production, the
amount of husk waste is approximated to be 200,000 t/year (Midilli et al. 2000).

Hazelnut husks can be one of the most important types of biomass, as they are an
abundant and important agricultural and commercial material in Turkey. Burning
agricultural residue may cause air pollution, soil erosion and a decrease in the biological
activity of the soil (Copur et al. 2007). Therefore, any possible usage of hazelnut husks
will yield economic as well as environmental dividends. The conversion of hazelnut
husks to useful chemicals such as acetic acid, methanol (Asik et al. 1977), ammonia
(Corlett 1975), furfural (Demirbas 2006a) and hydrogen (Midilli et al. 2000) have been
investigated. No known effort has been made to utilize hazelnut husks as a renewable
and low-cost lignocellulosic material for bioethanol production. The high lignin content

of hazelnut husks is a significant obstacle for such a biotransformation.
1.1.8. Feedstock Composition
Cell Wall Organization

Most of the carbohydrate content of plants consists of structural polysaccharides that
provide support, strength, and shape for the plant. This complex structural material in
the cell wall, known as lignocellulose, is a composite of cellulose fibers embedded in a

cross-linked lignin hemicellulose matrix (Brown 2003). The three main components of
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lignocellulosic materials are cellulose, hemicellulose, and lignin, with other minor
components being ash, protein, and extractives. The distribution of cellulose,
hemicellulose, and lignin in a typical plant cell wall is shown below in Figure 1.2.
Lignin is most abundant in the middle lamella and decreases with increasing distance
into the fiber cell wall, with percentages in the primary cell wall and S1 layer of the
secondary cell wall higher than in the S2 and S3 sections of the secondary cell wall.
Cellulose is most abundant in the secondary cell wall, as seen in the diagram below. The
cellulose microfibrils in the primary cell wall have no specific orientation, while the
microfibrils in the secondary cell wall run parallel to each other, but at a different angle
for each of the three layers S1, S2, and S3.
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Figure 1.2. Distribution of cellulose, hemicellulose, and lignin in a typical plant cell
wall (Panshin and DeZeeuw 1980).

Cellulose

Cellulose is a linear polymer of anhydro D-glucose units connected by B-1,4 glycosidic
bonds, as shown below in Figure 1.3. Native cellulose exists in the form of microfibrils,
which are paracrystalline assemblies of several dozen (1—4) B-D-glucan chains held
together by intermolecular hydrogen bonds (Carpita and McCann 2000). Intramolecular
hydrogen bonds also form between two glucose units in the same chain (Fengel and

Wegener 1984). The combined bonding energies of the intermolecular and
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intramolecular hydrogen bonds increase the rigidity of cellulose and form the crystalline
structure that makes it highly insoluble and recalcitrant to most organic solvents. The
cellulose microfibrils are imbedded in a matrix of noncellulosic polysaccharides, mainly
hemicellulose and pectic substances (Sun 2002), which complicates hydrolysis of
cellulose to glucose even further. The cellulose in lignocellulosic biomass feedstocks

provides the main source of glucose used during ethanol fermentation.

Figure 1.3. The structure of a linear cellulose polymer (Anonymous 2004b).

Hemicellulose

Hemicelluloses are heterogeneous polymers of pentoses (xylose, arabinose), hexoses
(mannose, glucose, galactose), and sugar acids. Unlike cellulose, hemicelluloses are not
chemically homogeneous. Hardwood hemicelluloses contain mostly xylans, whereas
softwood hemicelluloses contain mostly glucomannans (McMillan 1994). Xylans of
many plant materials are heteropolysaccharides with homopolymeric backbone chains
of 1,4-linked B-D-xylopyranose units. Besides xylose, xylans may contain arabinose,
glucuronic acid or its 4-O-methyl ether, and acetic, ferulic, and p-coumaric acids. The
frequency and composition of branches are dependent on the source of xylan (Aspinall
1980). The backbone consists of O-acetyl, a-L-arabinofuranosyl, a-1,2-linked
glucuronic or 4-O-methylglucuronic acid substituents. However, unsubstituted linear
xylans have also been isolated from guar seed husk, esparto grass, and tobacco stalks
(Eda et al. 1976). Xylans can thus be categorized as linear homoxylan, arabinoxylan,

glucuronoxylan, and glucuronoarabinoxylan.

Xylans from different sources, such as grasses, cereals, softwood, and hardwood, differ
in composition. Birch wood xylan contains 89.3% xylose, 1% arabinose, 1.4% glucose,
and 8.3% anhydrouronic acid (Kormelink and Voragen 1993). Rice bran neutral xylan

contains 46% xylose, 44.9% arabinose, 6.1% galactose, 1.9% glucose, and 1.1%
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anhydrouronic acid (Shibuya and Iwasaki 1985). Wheat arabinoxylan contains 65.8%
xylose, 33.5% arabinose, 0.1% mannose, 0.1% galactose, and 0.3% glucose (Gruppen et
al. 1992). Corn fiber xylan is one of the complex heteroxylans, containing B-(1,4)-
linked xylose residues (Saha and Bothast 1999a); it contains 48-54% xylose, 33-35%
arabinose, 5-11% galactose, and 3-6% glucuronic acid (Doner and Hicks 1997). About
80% of the xylan backbone is highly substituted with monomeric side-chains of
arabinose or glucuronic acid linked to O-2 and/or O-3 of xylose residues, and also by
oligomeric side chains containing arabinose, xylose, and sometimes galactose residues
(Figure 1.4) (Saulnier et al. 1995).
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Figure 1.4. Schematic structure of corn fiber heteroxylan (Saulnier et al. 1995).

A model for the corn fiber cell wall is shown in Figure 1.5 (Saha 2003). The
heteroxylans, which are highly cross-linked by diferulic bridges, constitute a network in
which the cellulose microfibrils may be imbedded. Structural wall proteins might be
cross-linked together by isodityrosine bridges and with feruloylated heteroxylans, thus
forming an insoluble network (Hood et al. 1991). In softwood heteroxylans,
arabinofuranosyl residues are esterified with p-coumaric acids and ferulic acids
(Mueller-Hartley et al. 1986). In hardwood xylans, 60-70% of the xylose residues are
acetylated (Timell 1967). The degree of polymerization of hardwood xylans (150-200)
is higher than that of softwoods (70-130).
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Figure 1.5. Model for corn fiber cell walls (Saha 2003).

Lignin

Lignin is a three-dimensional phenylpropane polymer with phenylpropane units held
together by ether and carbon-carbon bonds (Sun 2002). It is constructed of three
monomers: coniferyl alcohol, sinapyl alcohol, and coumaryl alcohol, each of which has
an aromatic ring with different substituents (Brown 2003). The dominant monomeric
units in the polymers are benzene rings bearing methoxyl, hydroxyl, and propyl groups
that can be attached to other units (Klass 1998). When the plant is mature and the cell
growth ceases, the middle lamella (the cement between the primary walls of adjacent
cells) and the secondary wall (inside of the primary cell wall) have large amounts of
lignin. Lignin strengthens the cell structures by stiffening and holding the fibers of
polysaccharides together (Fan et al. 1987). The structure of a small section of a lignin

polymer is shown below in Figure 1.6.
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Figure 1.6. Structure of a section of a lignin polymer (Anonymous 2005).

1.1.9. Pretreatment of Lignocellulosic Materials

Pretreatment is the first step required to fractionate lignocellulosic material into its
major plant components of lignin, cellulose and hemicellulose. The mechanisms by
which pretreatments improve the digestibility of lignocellulose are, however, not well
understood (Brown 2003). An important goal of pretreatment is to increase the surface
area of the lignocellulosic material, making the polysaccharides more susceptible to
hydrolysis. Along with an increase in surface area, pretreatment effectiveness and
hydrolysis improvement have been correlated with removal of hemicellulose and lignin
and the reduction of cellulose crystallinity (McMillan 1994). The large number of
pretreatments used for lignocellulosic materials can be classified into groups as

physical, physico-chemical, chemical, and biological processes.
Physical (Mechanical) Pretreatments

Milling (cutting the lignocellulosic biomass into smaller pieces) is a mechanical
pretreatment of the lignocellulosic biomass. The objective of a mechanical pretreatment
is a reduction of particle size and crystallinity. The reduction in particle size leads to an
increase of available specific surface and a reduction of the degree of polymerization

(DP) (Palmowski and Muller 1999). The milling also causes shearing of the biomass.
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The increase in specific surface area, reduction of DP, and shearing are all factors that
increase the total hydrolysis yield of the lignocellulose, in most cases by 5-25%
(depending on kind of biomass, kind of milling, and duration of the milling). They also
reduce the technical digestion time by 23-59%, and thus increase the hydrolysis rate
(Delgenes et al. 2002, Hartmann et al. 2000). A reduction of particle size below 40
mesh, however, has little effect on the hydrolysis yield or hydrolysis rate of the biomass
(Chang and Holtzapple 2000).

Milling causes a 5-25% increase in methane yield (Delgenes et al. 2002) and also
increases the ethanol yield and hydrolysis rate. As no inhibitors (like furfural and 5-
hydroxymethyl furfural-HMF) are produced, milling is suited for both methane and
ethanol production. However, it has a high energy requirement (Cowling and Kirk 1976,
Ramos 2003) and was therefore, in 1987, found not economically feasible as a
pretreatment, taking into account the high energy requirements of milling and the

continuous rise of the energy prices (Fan et al. 1987).
Physicochemical Pretreatments
1) Liquid Hot Water (LHW-Thermal Pretreatment)

A different thermal pretreatment is the “liquid hot water” pretreatment. In this case,
liquid hot water (LHW) is used instead of steam. The main objective of the LHW is to
solubilize the hemicellulose to make the cellulose more accessible and to avoid the
formation of inhibitors. To avoid the formation of inhibitors, the pH should be kept
between 4 and 7 during the pretreatment. Maintaining the pH between 4 and 7
minimizes the formation of monosaccharides, and consequently also the formations of
degradation products that can further catalyze hydrolysis of the cellulosic material
during pretreatment (Kohlmann et al. 1995, Mosier et al. 2005a, Weil et al. 1997). If
catalytic degradation of sugars occurs, it results in a series of reactions that are difficult
to control and lead to undesirable by-products. By keeping the pH between 4 and 7, the

autocatalytic formation of fermentation inhibitors is avoided during the pretreatment.

LHW and steam pretreatment/steam explosion differ in the amount and concentration of
solubilized products. In a LHW pretreatment, the amount of solubilized products is

higher, while the concentration of these products is lower compared to steam
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pretreatment (Bobleter 1994). This is probably caused by the higher water input in
LHW pretreatment compared to steam pretreatment/steam explosion. The yield of
solubilized (monomeric) xylan is generally also higher for LHW pretreatment.
However, this result diminishes when the solid concentration increases because
(monomeric) xylan is then further degraded by hydrolytic reactions to, for example,

xylose and furfural (Laser et al. 2002).

Yang and Wyman (2004) discovered that flow-through systems removed more
hemicellulose and lignin from corn stover than batch systems did, at the same severity
factors. Moreover, the addition of an external acid during the flow-through process
caused higher hemicellulose and lignin removal, while in batch tests, the addition of an
external acid caused less lignin removal; at increased reaction times at temperatures
above 200°C, Klason lignin (acid insoluble lignin) removal decreased. It was concluded
that the external acid caused the lignin to solubilize faster, but also to condensate faster.
The higher hemicellulose and lignin removal with the addition of an external acid
during flow-through experiments is in conflict with the conclusions of Bobleter et al.
(1991), Jacobsen and Wyman (2002) and Liu and Wyman (2003), which state that acids
have no real effect or are not the only factors affecting the solubilization of
hemicellulose and lignin, and that there should be other reasons for the solubilization of

hemicellulose and lignin during flow-through experiments.

LHW has the major advantage that the solubilized hemicellulose and lignin products are
present in lower concentrations, when compared to steam pretreatment, due to higher
water input. With these lower concentrations, the risk of degradation products like
furfural and the condensation and precipitation of lignin compounds is reduced. Weil et
al. (1998) had a 2 to 5-fold increase in enzymatic hydrolysis of their substrate after

LHW pretreatment.

Thermal Pretreatment in Combination with Acid Pretreatment: One way to improve the
effect of thermal steam or LHW pretreatment is to add an external acid. This addition of
an external acid catalyzes the solubilization of the hemicellulose, lowers the optimal
pretreatment temperature and gives a better enzymatic hydrolyzable substrate (Brownell
et al. 1986, Gregg and Saddler 1996). The lignocellulose is often impregnated (soaked)
with sulfur dioxide (SO;) or H,SO,. During steam pretreatment the SO, is converted to

H,SO, in the first 20 seconds of the process; after that, the catalytic
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hydrolyzation of the hemicellulose starts. Another important point is that gradual
removal of hemicellulose and lignin can trigger reorientation of cellulose to a more
crystalline form (Gregg and Saddler 1996). The latter is true for every pretreatment that
gradually removes hemicellulose and lignin. The effect of the added acid is still not
clear, however. Tengborg et al. (1998) showed a significant inhibition in the ethanol
production step at a severity factor of 3 and higher with the addition of an external acid.
This is in line with the conclusion of Grohmann et al. (1985) that during steam
pretreatment at temperatures of 160°C and higher with the addition of 0.5% H,SO, an
appreciable production of furfural occurs.

Soderstrom et al. (2002) investigated the use of a two-step steam pretreatment of
softwood with SO,. The first step was carried out at lower severities for the recovery of
hemicellulose sugars, and the second step was done at higher severities to improve the
digestibility of the cellulose. The highest hemicellulose recovery in the first
pretreatment step was achieved at a severity of about 3, and the highest sugar yield in
the second pretreatment step at a severity between 3.5 and 4.3. However, pretreatments
at temperatures of 220°C did not give satisfactory yields because of the formation of
inhibiting compounds. Wu et al. (1999) got the highest amount of monomeric sugars
from hemicellulose at a severity factor of approximately 3 (175°C, 7.5 min, 4.5% SO,).
At higher severities, the monomeric sugars were probably degraded to furfural and other

compounds.

Thermal Pretreatment in Combination with Alkaline Pretreatment: Another way to
improve the thermal pretreatment is to add an external alkali instead of an acid to the
process. A very common alkaline thermal pretreatment is lime pretreatment. This
pretreatment is usually carried out at temperatures of 100-150°C with lime addition of
approximately 0.1 g calcium hydroxide [Ca(OH),] g substrate™ (Chang et al. 2001a).
Chang and Holtzapple (2000) attribute the effectiveness of lime pretreatment to the
opening of the “acetyl valve” and partial opening of the “lignin valve”, making the
substrate more accessible to hydrolysis. According to Kaar and Holtzapple (2000), lime
pretreatment (with heating) is sufficient to increase the digestibility of low-lignin-
containing biomass, but not for high-lignin-containing biomass. Chang et al. (2001a)
mention that lime pretreatment of switchgrass and corn stover did not inhibit the

enzymatic saccharification and fermentation steps. Pretreated softwood, however, was
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washed before the enzymatic saccharification and fermentation step to prevent possible
inhibiting by (the large amount of) solubilized lignin. A benefit of lime is that it is
relatively cheap and safe (Gandi et al. 1997) and the calcium can be regained as
insoluble calcium carbonate (CaCOs) by the reaction with CO,. This CaCO; can be

converted to lime again using the lime kiln technology (Chang et al. 1998).

Thermal Pretreatment in Combination with Oxidative Pretreatment: Ando et al. (1988)
mention that the saccharification of cedar, soaked in peracetic acid and steam treated at
231°C for 10 min, was directly proportional to the amount of peracetic acid adsorbed in
the chips. Wet-oxidation is another oxidative pretreatment method which uses oxygen
as an oxidator. The soluble sugars produced during wet-oxidation pretreatment of wheat
straw are mainly polymers opposite to the monomers produced during steaming or acid
hydrolysis as a pretreatment. Phenolic monomers are not end products during wet-
oxidation, but are further degraded to carboxylic acids. In addition, the production of
furfural and HMF was low during wet-oxidation, but part of the hemicellulose was lost
through reaction to carbon dioxide and water (Klinke et al. 2002).

Thermal Pretreatment in Combination with Alkaline Oxidative Pretreatment:
According to Chang et al. (2001a), thermal lime pretreatment is not capable of
removing enough lignin of high-lignin biomass to enhance the enzymatic digestibility,
and therefore oxygen as an oxidant must be included during the pretreatment. Low
sugar degradation was observed, probably as a result of the relative low temperature of
150 degrees applied during the pretreatment. The enzymatic digestibility of the treated
biomass was 13 times higher than for the untreated biomass; however, the pretreated
biomass was washed to remove probable inhibiting soluble lignin compounds produced
(Chang et al. 2001a). After the oxidative lime pretreatment, about 21% of the added
lime could be recovered by CO, carbonation (Chang et al. 2001b).

2) Steam Pretreatment/Steam Explosion (SE)

During steam explosion (SE) the biomass is put in a large vessel with steam at a high
temperature (temperatures up to 240°C) and pressure is applied for a few minutes. After
a set time, the steam is released and the biomass is quickly cooled down. The objective
of SE is to solubilize the hemicellulose to make the cellulose more accessible for

enzymatic hydrolysis and to avoid the formation of inhibitors. The difference between
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“steam” pretreatment and “steam explosion” pretreatment is the quick depressurization
and cooling down of the biomass at the end of the SE pretreatment, which causes the
water in the biomass to “explode”. During steam pretreatment, parts of the
hemicellulose hydrolyze and form acids, which could catalyze the further hydrolysis of
the hemicellulose. This process, in which the acids formed in situ catalyze the process
itself, is called “auto-cleave” steam pretreatment. The role of the acids is probably not
to catalyze the solubilization of the hemicellulose, but to catalyze the hydrolysis of the
soluble hemicellulose oligomers (Bobleter et al. 1991, Mok and Antal 1992).

A common term used in steam pretreatment is the so-called “severity factor” (logR,),

which is a measure of the severity of the pretreatment. In this severity factor the
temperature of the pretreatment and the duration of the pretreatment are combined in the

following way:

|Og R = |Og(t >ke((T—lOO)/14.75)) (ll)

In the equation, t and T show minutes and Celsius degrees, respectively (Overend and
Chornet, 1987). During steam pretreatment, the moisture content of the biomass
influences the needed pretreatment time. The higher the moisture content, the longer the
optimum steam pretreatment times (Brownell et al. 1986). Low pressure steam
pretreatment (2 bars, 120°C, and pretreatment times up to 300 min) did not have a
significant effect on the composition of the wheat straw, according to Lawther et al.
(1996), though no enzymatic conversion step was carried out for determining the effect

on the digestibility.

Steam pretreatment includes the risk of producing furfural, HMF, and soluble phenolic
compounds. These compounds inhibit the ethanol fermentation and methane production.
The methane-producing bacteria are, however, capable of adapting to such compounds,
at least to a certain concentration. Benjamin et al. (1984), Fox et al. (2003), and Noike
and Niigata Eng (2001) demonstrated the adaption to these compounds and sometimes
even the conversion by anaerobic bacteria after a certain period. Grous et al. (1986)

reported a six-fold increase in enzymatic digestibility of the biomass after steam
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pretreatment.

The hemicellulose degradation during steam pretreatment may be minimized by
separating the biomass from the condensate during the pretreatment (Allen et al. 2001),
keeping the pH between 5 and 7 during the pretreatment by the addition of an external
alkali (Li et al. 2005, Weil et al. 1998), or by applying a two-step steam pretreatment.
However, it is not clear if the higher ethanol or methane yield outweighs the additional
cost of a second pretreatment step (Shahbazi et al. 2005, Soderstrom et al. 2002).

The positive effect of steam pretreatment is mostly due to the removal of a large part of
the hemicellulose, causing an increase in cellulose fiber reactivity, probably because the
cellulose is more easily accessible for the enzymes (Converse et al. 1989, Grohman et
al. 1986, Laser et al. 2002). Some yeast species can also convert pentoses to ethanol
(Kuyper et al. 2005). Consequently, the degradation of pentoses to, furfural, for
example, during the steam pretreatment results in a loss of carbon for the ethanol
production. Steam pretreatment includes the risk of condensation and precipitation of
soluble lignin components, making the biomass less digestible, and reducing the ethanol

as well as the methane production.

The advantages of SE are: 1) its ability to separate the three components of wood
lignocelluloses are modified to allow fractionation of hemicellulose in autohydrolysis
steam, lignin in aqueous alcohol or alkali, and cellulose as insoluble biomass; 2)
cellulose is highly susceptible to acid or enzymatic hydrolysis; 3) lignin is in a suitable
form for conversion to chemicals; 4) hemicellulose is easily converted to liquid fuels;
and 5) inhibitors are easily extractable. On the other hand, the disadvantages of SE are:
1) it produces substrates with low bulk density; 2) it does not always break down the
lignin completely; 3) it requires small particle size; and 4) some of the compounds

produced can be inhibitory to the subsequent ethanol fermentation.

Acid-Catalyzed SE: The addition of dilute acid in the SE can effectively improve
enzymatic hydrolysis, decrease the production of inhibitory compounds, and lead to
more complete removal of the hemicellulose. Acid-catalyzed SE is one of the most cost-
effective processes for hardwood and agricultural residues, but it is less effective for
softwoods. It is possible to recover around 70% xylose potentially as a monomer. The

lignin redistribution may explain the reason that dilute acid and SE are effective as a
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pretreatment process. Although the lignin is not removed, it is believed that lignin melts
during the pretreatment and coalesces upon cooling such that its properties are
substantially altered (Lynd et al. 2002). Limitations include destruction of a portion of
the xylan fraction, incomplete disruption of the biomass structure, and the generation of
inhibitory compounds. The necessary water wash decreases the overall sugar yields.

Ammonia and SE: Lignocellulosic materials can also be exploded using liquid ammonia
and SE. This method is considered one of the leading biomass pretreatments. Ammonia
freeze/fiber explosion (AFEX) treats the biomass with concentrated ammonia under
pressure and at temperatures up to nearly 100°C. After a few minutes under these
conditions, the pressure is rapidly released (the “explosion”). The ammonia evaporates
and is recovered. AFEX disrupts the lignocellulose and reduces the cellulase
requirement, but removes neither hemicellulose nor lignin. The treated biomass is now
much more easily converted by enzymes to sugars, and then to ethanol. In a
comparative economic evaluation of advanced pretreatments, AFEX performed better
than all the other pretreatments studied, except for the dilute acid process. More
complete understanding of the morphological changes and chemical compounds formed
during AFEX may further improve the pretreatment performance. Ammonia explosion
does not produce products that may inhibit fermentation, but it requires that the

ammonia be recycled for economic and environmental reasons (Sun and Cheng 2002).

CO, Catalyzed SE: CO, explosion is similar to steam and ammonia explosion. The
glucose yields in the later enzymatic hydrolysis are lower compared to steam and
ammonia explosion. The SE of wheat straw, bagasse, and eucalyptus wood chips in the
presence of CO, at 200°C increases the digestibility above 75%. In addition, CO,
explosion is more cost-effective than ammonia explosion and does not cause the

formation of inhibitors as in steam explosion.

SO, Catalyzed SE: Martin et al. (2002) investigated SO, and H,SO, impregnation
during SE (205°C, 10 min) of sugarcane bagasse and their influence on the enzymatic
hydrolysis. The SO,-impregnated bagasse gave the highest yields of xylose, arabinose,
and total sugar on hydrolysis. The hydrolysates of SO,-impregnated and
nonimpregnated bagasse showed similar fermentability with S. cerevisiae, whereas the
fermentation of the hydrolysate of H,SO,4-impregnated bagasse was considerably poor.

Corn fiber that was steam exploded in a batch reactor at 190°C for 5 min with 6%
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SO, resulted in 81% conversion of all the polysaccharides in the corn fiber to
monomeric sugars on enzymatic hydrolysis, which was subsequently converted to
ethanol very efficiently by S. cerevisiae, yielding 90 to 96% of the theoretical
conversion (Bura et al. 2002).

Supercritical Carbon Dioxide (SC-CO,): SC-CO; is CO; above its critical point of 31°C
and 73 atm. This pretreatment has many advantages, such as nontoxicity, low solvent
cost, low pretreatment temperatures, easy recovery of CO; and high solids
concentrations in the pretreated materials. However, the low effectiveness for softwood
and the high capital cost for the high-pressure equipment may be obstacles for its
commercialization. SC-CO; had no significant effect on the yield of reducing sugars or
enzymatic digestibility of aspen lignocellulosic biomass (Williams 2006). SC-CO,
explosion enhanced the accessible surface area and increased glucose yield by 50%
(Zheng et al. 1995).

Chemical Pretreatments
1) Acid Pretreatment

Pretreatment of lignocellulose with acids at ambient temperatures is done to enhance the
anaerobic digestibility. The objective is to solubilize the hemicellulose, thus making the
cellulose more accessible. The pretreatment can be done with dilute or strong acids. The
main reaction that occurs during acid pretreatment is the hydrolysis of hemicellulose,
especially xylan, as glucomannan is relatively acid-stable. Solubilized hemicelluloses
(oligomers) can be subjected to hydrolytic reactions producing monomers, furfural,
HMF and other (volatile) products in acidic environments (Fengel and Wegener 1984,
Ramos 2003). During acid pretreatment, solubilized lignin will quickly condensate and
precipitate in acidic environments (Liu and Wyman 2003, Shevchenko et al. 1999). The
solubilization of hemicellulose and precipitation of solubilized lignin are more
pronounced during strong acid pretreatment compared to dilute acid pretreatment. Xiao
and Clarkson (1997) showed that the addition of nitric acid (HNO3) during acid

pretreatment has a tremendous effect on the solubilization of lignin in newspaper.

The advantage of acid pretreatment is the solubilization of hemicellulose, thus making

the cellulose more easily accessible for the enzymes. There is, however, a risk of the
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formation of volatile degradation products, and this carbon is in many cases lost for the
conversion to ethanol. On the other hand, volatile products can be converted to
methane. The condensation and precipitation of solubilized lignin components is an
unwanted reaction, as it decreases digestibility. Strong acid pretreatment is not preferred
for the production of ethanol because there is a risk of the formation of inhibiting
compounds. Dilute acid pretreatment, however, is considered one of the promising
pretreatment methods because secondary reactions during the pretreatment can be
prevented in dilute acid pretreatment.

Acid pretreatment is more suitable for methane production than for ethanol production
because methanogens can handle compounds like furfural and HMF to a certain
concentration with an acclimatization period. For ethanol as well as methane
production, the chance of soluble lignin components is a risk, because soluble lignin
compounds are often inhibiting for both processes. Methanogens are nevertheless
capable of adapting to such inhibiting compounds (Benjamin et al. 1984, Xiao and
Clarkson 1997). When H,SO,4 or HNO3 are used in the acidic pretreatment, the methane
production during anaerobic treatment will be reduced as a result of the reduction of

sulphate and nitrate to hydrogen sulfur (H,S) and nitrogen (N_) respectively.
2) Alkaline Pretreatment

During alkaline pretreatment, the first reactions taking place are solvation and
saphonication. These cause the biomass to swell and thus make it more accessible to
enzymes and bacteria. At strong alkali concentrations, dissolution, peeling of end-
groups, alkaline hydrolysis and degradation, and decomposition of dissolved
polysaccharides can take place. Loss of polysaccharides is mainly caused by peeling
and hydrolytic reactions (Fengel and Wegener 1984). This peeling is an advantage for
later conversion, but, because lower molecular compounds are formed as a result, the
risk of degradation and loss of carbon, in the form of CO,, also increases. Xylan can be
selectively removed with aqueous potassium hydroxide (KOH). The temperature is kept
low during extraction (room temperature or lower) to prevent peeling (Hon and
Shiraishi 2001). Glucomannans and xylans can both be subject to the peeling reaction.
This in itself is not a problem, but the higher the monomeric hemicellulose fraction, the
lower the total recovery of the hemicellulose (Laser et al. 2002). The monomeric forms

of hemicellulose are probably easily degradable to other (volatile) compounds.
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Furfural, for example, leads to losses of digestible substrate for the ethanol process
(Bobleter 1994). An important aspect of alkali pretreatment is that the biomass itself
consumes some of the alkali. The residual alkali concentration after the alkali
consumption by the biomass is the alkali concentration left over for the reaction
(Gossett et al. 1982). Alkali extraction can also cause solubilization, redistribution and
condensation of lignin and modifications in the crystalline state of the cellulose. These
effects can lower or counteract the positive effects of lignin removal and cellulose
swelling (Gregg and Saddler 1996). Another important aspect of alkaline pretreatment
is the change of the cellulose structure to a form that is denser and thermodynamically

more stable than the native cellulose (Pettersen 1984).

Alkaline pretreatment causes hemicellulose and parts of lignin to solubilize. The
removal of hemicellulose has a positive effect on the degradability of cellulose. There
is, however, often a loss of hemicellulose to degradation products, and the solubilized
lignin components often have an inhibitory effect. Gossett et al. (1982), for example,
concluded that alkaline heat-treated lignin in concentrations over 1 g/L gave a major
inhibitory effect to the methanogenic microorganisms. This was probably caused by the
products formed from the lignin during the alkaline heat pretreatment. The loss of
fermentable sugars and production of inhibitory compounds make the alkaline
pretreatment less attractive for ethanol production. The production of inhibitors is less
severe for methanogens as compared to yeasts for ethanol production. Methanogens are
often capable of adapting to such compounds. Pavlostathis and Gossett (1985)
mentioned a 100% increase in methane production after an alkaline pretreatment of

wheat straw.
3) Oxidative Pretreatment

The rate and extent of lignocellulose digestion by microorganisms present in the
stomachs of ruminants are both greatly enhanced when the lignocellulose is first treated
with an alkaline (pH 11.5) solution of H,O,. The increase in digestibility has been
attributed not only to oxidative delignification, but also to a possible decrease in
cellulose crystallinity (Gould 1985). Martel and Gould (1990) concluded from their
study on wheat straw and kenaf that alkaline hydrogen peroxide (AHP) treatment
loosened the lignocellulosic matrix and caused a more open three-dimensional

relationship between lignin, cellulose, and hemicellulose at the molecular level. They
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also observed that there was either no change or an increase in cellulose crystallinity
after AHP treatment, thus supporting the contention that the main effect of AHP
treatment is that it detaches and makes soluble the lignin, thus increasing the amount of
cellulose available for hydrolysis by enzymes (Martel and Gould 1990), while it does
not decrease cellulose crystallinity as previously hypothesized by Gould (1985).

During an oxidative pretreatment, a lot of sugars are often lost because of non-selective
oxidation. Also, there is a formation of soluble lignin compounds, which can be
inhibiting in the subsequent conversion step of the (hemi) cellulose to ethanol or

methane.
4) Ozone

Ozone has been used to degrade lignin and hemicellulose in lignocellulosic materials
such as cotton stalks (Ben-Ghedalia et al. 1980, Ben-Ghedalia and Shefet 1983, Yosef
et al. 1994), corn stover (Quesada et al. 1999), wheat straw (Ben-Ghedalia and Miron
1981), bagasse, and poplar sawdust. One of the benefits of ozone pretreatment is the
fact that no toxic residues are formed, since ozone can easily be decomposed to oxygen
using a catalytic bed or an increase in temperature, thus eliminating the need for
extensive downstream processing; ozonation reactions take place at ambient
temperatures and pressure, so energy and investment costs are minimized (Quesda et al.
1999). Ben-Ghedalia et al. (1980) pretreated cotton straw with ozone to examine the
effect on the composition of the cell wall fractions and on in vitro organic matter
digestibility. The most notable effects of ozone treatments were demonstrated by the
50% decrease in both lignin and hemicellulose (Ben-Ghedalia et al. 1980). The pH of
ozone-treated cotton stalks was considerably more acidic and it was concluded that the
low pH values were probably the result of the release of a mixture of formic, acetic,
glyoxylic, or other acids from the oxidized lignin. Quesda et al. (1999) later confirmed
this by showing the appearance of glycolic, oxalic, malonic, glyoxylic, glyceric, and
malic acids in a chromatographic analysis of the aqueous extract of oxidized, extractive-
free corn stover, due to the generation of carboxylic acids from extensive lignin
degradation. Yosef et al. (1994) showed through Nuclear Magnetic Resonance (NMR)
analysis that lignin degradation by ozone is the result of ring cleavage, directly
evidenced by the decline in aromatic carbon (C) from 13.0% in untreated cotton stalks

to 7.40% in ozone-treated stalks. The rate of enzymatic hydrolysis increased by a
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factor of 5 following removal of 60% of the lignin from wheat straw during ozone
pretreatment (Binder et al. 1980). As the lignin content of poplar sawdust decreased
from 29 to 8% after ozonolysis, enzymatic conversion increased from 0 to 57% (Vidal
and Molinier 1988). The optimal moisture content of 60% was found to provide the
highest degree of solubilization during ozone treatment of corn stover (Quesda et al.
1999). Results from the same study showed that lignin was the most affected polymer,

followed by hemicelluloses and then cellulose.
Biological Pretreatments

In these pretreatments, the natural wood-attacking microorganisms that can degrade
lignin are allowed to grow on the biomass, resulting in lignin degradation. The main
biological pretreatments include fungi and their enzymes. There is significant loss of the
xylan and mannan components of the hemicellulose during the lignin hydrolysis.
Reductions up to 65% in the lignin content of cotton straw have been reported using
white-rot fungi. This is the most promising organism for biological pretreatment of
lignocellulose. The various means to use these organisms are: use of naturally-occurring
white-rot fungi; use of celluloseless mutants as efficient lignin degraders and/ or to

repress the enzymes that degrade wood carbohydrates.

A white-rot fungus was used to remove 42% lignin, 2% glucan (including cellulose),
and 30% hemicellulose of birch wood (Fan et al. 1982). The degradation of wood lignin
by white-rot is oxidative and needs an accompanying carbohydrate such as cellulose or
hemicellulose. Phanerochaete chrysosporium, a white-rot fungus, is the most
commonly used organism for delignification. It degraded 48.6% of lignin, 5.30% of
cellulose, and 19.7% of hemicellulose in grape cluster stems over the course of 10 to 12
days. Phanerochaete did not have any effect on the enzyme digestibility of raw corn
stover. However, another fungus, Cyathus sp., increased the digestibility by 3 to 6.9
times the control values over 29 days (Williams 2006). A 17% delignification was
achieved by exposing birch wood to celluloseless mutants of Polyporus adustus for 6
weeks. Similarly, 72% conversion of cellulose to glucose by enzymatic hydrolysis after
biological delignification of wheat straw using Pleurotus ostreatus has also been

reported.

Other organisms used for biological treatment are Ceriporiopsis subvermispora and
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Trametes versicolor. The rate of lignin and hemicellulose breakdown is very slow and
still needs optimization in most cases to make it an effective pretreatment method (Sun
and Cheng 2002). The advantages of these biological pretreatments are that they require
little energy input and are environmentally friendly. The economic feasibility of a
nonoptimized biological pretreatment process is still poor due to the long cultivation
time of 10 to 14 days. This method can be considered cost-effective only if applied in
conjunction with other physical and/or chemical methods such as thermomechanical
pulping and SE. In both cases, the removal of resins and other extractable materials can
also play an important role in improving the accessibility of the lignocellulosics to
bioconversion (Ramos 2003). Sometimes biological treatments are used in combination
with chemical treatments (Hamelinck et al. 2005).

Table 1.2. Effects of the different pretreatments on the physical/chemical composition
or structure of lignocellulose (Mosier et al. 2005b).

Pretreatment Method Increase  Decrystallization ~ Solubilization ~ Solobilizatio  Formatio  Alteratio
accessibl cellulose hemicellulose n lignin n n lignin
e surface furfural/  structure
area HMF
Mechanical + +
SE + + - + +
LHW + ND + - - -
Acid + + - + +
Alkaline + - +/- - +
Oxidative + ND +/- - +
Thermal+acid + ND + +/- + +
Thermal+alkaline + ND - +/- - +
Thermal+oxidative + ND - +/- - +
Thermal+alkaline+ + ND - +/- - +
Oxidative
AFEX + + - + - +
CO; explosion +

+ =major effect.
- =minor effect

ND =not determined.

Although all pretreatment methods have some advantages (Table 1.2), a successful
pretreatment must meet the following requirements: (1) improve formation of sugars or
the ability to subsequently form sugars by hydrolysis; (2) avoid the degradation or loss
of carbohydrate; (3) avoid the formation of byproducts inhibitory to the subsequent

hydrolysis and fermentation processes; and (4) be cost-effective (Sun 2002).
1.1.10. Hydrolysis
After the pretreatment is finished, the cellulose is prepared for hydrolysis, meaning the

39



cleaving of a molecule by adding a water molecule (Vessia 2010):
(CaHloos)n +nH,0 —nCH,,0;

This reaction is catalysed by using dilute acid, concentrated acid or enzymes (cellulase).
The latter method has many advantages as the very mild conditions (pH=4.8 and
temperature 318-323 K) give high yields, and the maintenance costs are low compared
to alkaline and acid hydrolysis, due to the absence of corrosion problems (Vessia 2010).
Hydrolysis without preceding pretreatment yields typically <20%, whereas yields after
pretreatment often exceed 90% (Hamelinck et al. 2005). A number of processes for
hydrolyzing cellulose into glucose have been developed over the years. The vast
majority of processing schemes utilize either cellulolytic enzymes or H,SO, of varying
concentrations. In the past, enzymes have been too expensive for economical production
of fuel ethanol from biomass. H,SO, itself is less expensive than cellulolytic enzymes,
although disposal costs associated with the use of H,SO4 significantly increase its cost.
However, the single largest drawback to using H,SO, is that it also readily degrades
glucose at the high temperatures required for cellulose hydrolysis (Mosier et al. 2002).

Lignocellulose biomass may be hydrolyzed by gamma ray or electron-beam irradiation,
or microwave irradiation (Demirbas 2004). Hydrolysis of lignocellulosic biomass is
more complicated than that of pure cellulose, due to the presence of nonglucan

components such as lignin and hemicellulose (Zhang and Lynd 2004).
Acid hydrolysis

In research studies it has been revealed that under controlled treatment conditions, acid
hydrolysis of lignocellulosic biomass mainly produces xylose from xylan with the
cellulosic and lignin fractions remaining unaltered. Xylan is more susceptible to
hydrolysis by mild acid treatment due to its amorphous structure compared to cellulose,
which needs severe treatment conditions for its crystalline nature (Rahman et al. 2007).
The acid hydrolyzate from sugarcane bagasse contains xylose as the main component.
During acid hydrolysis, xylose is degraded rapidly to furfural and other condensation
byproducts. These degradation products are inhibitory to microorganisms. The
inhibitory  effect of different compounds like furfural, HMF, acetate,

hydroxybenzaldehyde (HBA), siringaldedyde (SGA) and vanillin on yeast growth is
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well documented (Rao et al. 2006).

Acid-catalyzed cellulose hydrolysis is a complex heterogeneous reaction. It involves
physical factors as well as the hydrolytic chemical reaction. Monosaccharide products
can be further degraded into undesirable chemicals. The number of possible side
reactions depends upon, among other things, the permeate composition. As such,
evaluation of acid hydrolysis as a means to generate monosaccharides from lactose in
whey permeate must be carried out within the context of the intended use of the
hydrolysis products (Cote et al. 2004). The acid-hydrolyzed substrates were then
subjected to enzyme hydrolysis to give vastly improved yields, as high as 100% for corn
stover and 90% for oak wood (Jeoh 1998). There are two basic types of acid hydrolysis
processes commonly used: dilute acid and concentrated acid.

Dilute Acid Hydrolysis

This is the oldest technology for converting cellulose biomass to bioethanol (Graf and
Koehler 2000). In dilute acid hydrolysis, the hemicellulose fraction is depolymerized at
a lower temperature than the cellulosic fraction. Dilute H,SO4 is mixed with biomass to
hydrolyze hemicellulose into xylose and other sugars (Chandel et al. 2007). The dilute
acid process involves a solution of about 1% H,SO, concentration in a continuous-flow
reactor at a high temperature (about 488 K) (Graf and Koehler 2000). Most dilute acid
processes are limited to a sugar recovery efficiency of around 50% (Badger 2002). The
primary challenge for dilute acid hydrolysis processes is to raise glucose yields higher
than 70% in an economically viable industrial process, while maintaining a high
cellulose hydrolysis rate and minimizing glucose decomposition. Strong acids can

reduce the crystalline region, but they degrade glucose (Lee 2005).

Dilute acid hydrolysis occurs in two stages in order to take advantage of the differences
between hemicellulose and cellulose. The first stage is performed at a low temperature
to maximize the yield from the hemicellulose; the second, higher-temperature stage is
optimized for hydrolysis of the cellulose portion of the feedstock (Faroogi and Sam
2004). The first stage is conducted under mild process conditions to recover the 5C
sugars while the second stage is conducted under harsher conditions to recover the 6C
sugars (Demirbas 2006b).
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The biggest advantage of dilute acid processes is their fast rate of reaction, which
facilitates continuous processing. Their biggest disadvantage is their low sugar yield.
For rapid continuous processes, in order to allow adequate acid penetration, feedstocks
must also be reduced in size so that the maximum particle dimension is in the range of a

few millimeters (Badger 2002).
Concentrated Acid Hydrolysis

The concentrated acid process provides a complete and rapid conversion of cellulose to
glucose and hemicelluloses to 5C sugars with little degradation. The critical factors
needed to make this process economically viable are to optimize sugar recovery and to
cost-effectively recover the acid for recycling (Demirbas 2004). The concentrated acid
process uses relatively mild temperatures, and the only pressures involved are those
created by pumping materials from vessel to vessel. Reaction times are typically much
longer than for the dilute acid process (Graf and Koehler 2000). The concentrated acid
process uses 70% H,SO, at 313-323 K for 2-4 h in a reactor. The low temperatures and
pressure will lead to minimization of the sugar degradation. The hydrolyzed material is
then washed to recover the sugars. In the next step, the cellulosic fraction has to be
deploymerized. The solid residue from the first stage is de-watered and soaked in 30-
40% H,SO, for 50 min at 373 K for further cellulose hydrolysis (Chandel et al. 2007).
The primary advantage of the concentrated acid process is the potential for high sugar
recovery efficiency (Demirbas 2005b). The concentrated acid process offers more
potential for cost reductions than the dilute H,SO, process (Faroogi and Sam 2004).
Concentrated H,SO, or hydrochloric acid (HCI) is difficult to work with, and essentially
all of the acid must be recovered and reconcentrated in order for the process to be

economical (Jeffries and Jin 2000).
Enzymatic Hydrolysis

Following the pretreatment of lignocelluloses, enzymatic hydrolysis is carried out to
break down cellulose and hemicelluloses into fermentable sugars such as glucose and
xylose. Strong acids such as H,SO,4 and halogen acids are capable of hydrolyzing a wide
variety of lignocelluloses into simple fermentable sugars (Wyman 1994). However,
high acid concentrations and extreme conditions make this approach environmentally

and economically unsound (Wright and Dagincourt 1984). Enzymatic hydrolysis is an
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environmentally friendly alternative that involves using carbohydrate-degrading
enzymes (cellulases and hemicellulases) to hydrolyze lignocelluloses into fermentable

sugars.

Enzyme cost is considered to be a major impediment in extensive commercialization of
enzymatic cellulose hydrolysis (Walker and Wilson 1991). Enzyme cost is estimated to
represent approximately 50% of the total hydrolysis process cost. A study conducted by
Lee in 1981 (cited in Walker and Wilson 1991) puts the enzyme cost into stark
monetary terms. The study showed that cellulose free of hemicellulose and lignin could
be produced for 55 US dollars/mg™ while the cellulase cost was 2,665 US dollars/mg™.
The cost of enzymes has decreased over the last twenty years, but is still considered to
be very high.

Enzymatic Hydrolysis of Cellulose

Enzymatic hydrolysis of cellulose is typically carried out by cellulases. Unlike
conventional hydrolysis using concentrated acid or alkaline reagents, enzymatic
hydrolysis requires mild conditions (pH of 4.5 and temperature of approximately 50°C).
Although cellulases are also produced by several bacterial species (Table 1.3) such as
Clostridium, Cellulomonas, and Bacillus (Bisaria 1998), fungal cellulases have the best

potential for commercial-scale use (Duff and Murray 1996).

Cellulases are a complex system of three enzymes that act synergistically to hydrolyze
cellulose. The three enzyme components are: 1,4-B-D-glucan glucanohydrolase (EC
3.2.1.3), 1,4-B-D-glucan cellobiohydrolyase (EC 3.2.1.91) and p-glucosidase (EC
3.2.1.21) (Ladisch et al. 1983, Wright et al. 1988). These enzymes are commonly
referred to as endoglucanase, exoglucanase, and cellobiase, respectively. Endoglucanase
randomly cleaves cellulose chains to form glucose, cellobiose, and cellotriose.
Exoglucanase attacks the nonreducing end of cellulose to release cellobiose units.
Cellobiase cleaves cellobiose units into fermentable glucose units. Most fungal
cellulases are deficient in B-glucosidase activity, which must be supplemented, since
cellobiose accumulation results in cellulase inhibition. A cellulase dosage of 10 filter
paper units (FPU) per gram of biomass is often used in studies, as it enables high
glucose vyields in 48-72 h (Gregg and Saddler 1996). However, a range of dosage and

hydrolysis conditions have been reported depending on the composition of the
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substrates and the pretreatment used.
Enzymatic Hydrolysis of Hemicelluloses

Complete hydrolysis of xylan involves three main enzymes: endo-p-1-4-xylanase,
which primarily targets the internal $-1-4 bonds between xylose units; exoxylanase, that
releases xylobiose units; and B-xylosidase, which releases xylose from xylobiose and
short chain xylooligosachharides (Saha and Bothast 1999D).

Table 1.3. List of bacteria fungi with the highest specific activity (umol.min™.mg™) for
cellulases (Howard et al. 2003).

Bacteria
Enzyme Organism Substrate Specific  Opt.temp.  Opt.pH
activity (°C)
mannan endo-1,4-  Bacillus Galactoglucomannan/glucomannans/ 514 50-60 5-7
B-mannosidase subtilis mannans
cellulase Clostridium Avicel/carboxymethylcellulose/cellulose 428 75 7
thermocellum  cellopentaose/cellotetraose/cellotriose/
1,3-B-glucan Streptomyces  laminarin 6.7 50 6
glucohydrolase murinus
1,3-1,4-B-D-glucan  Bacillus B-D-glucan/ lichenan 5030 60-65 6
glucanohydrolase macerans
1,3-p-D-glucan Bacillus sp. 3-0-p-D-Glc-D-Glc-D-Gle-D-Glc/ 369.6 60 9
glucanohydrolase laminarin
Fungi
Enzyme Organism Substrate Specific  Opttemp. Opt.pH
activity (°C)
mannan endo-1,4-  Sclerotium Galactoglucomannan/ galactomannans/ 475 72-74 3.3
B-mannosidase rolfsii glucomannans/ mannans
cellulase Aspergillus Carboxymethylcellulose/ cellohexaose/ 194 70 5
niger cellopentaose/ cellotetraose/ cellotriose/

cellulose
1,3-B-glucan Achlya Glucan/ laminarin/ neutral glucan/ 7840 30 6
glucohydrolase bisexualis phosphoglucan
1,3-1,4-B-D-glucan  Orpinomyces  B-D-glucan/ lichenin 3659 45 5.8
glucanohydrolase sp.
1,3-p-D-glucan Rhizopus B-glucan 4800 NA NA
glucanohydrolase chinensis
1,6-p-D-glucan Penicillium B-glucan/ gentiobiose/ pachyman 405 50 4.2

glucanohydrolase brefeldianum

While these enzymes are primarily involved in depolymerization, there are also several
ancillary enzymes that are responsible for cleaving side-groups. These include a-L-
arabinofuranosidase, a-glucuronidase, acetylxylan esterase, ferulic acid esterase, and p-

coumaric acid esterase (Saha and Bothast 1999b).

Penicillium capsulatum and Talaromyces emersonii have been identified as
microorganisms that have complete enzyme systems that degrade xylan (Filho et al.

1991). Other microorganisms (Table 1.4) that have been reported as sources for
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hemicelluloses-degrading enzymes are Aureobasidium pullulans (Christov et al. 1997)

and several Fusarium species (Saha 2001).

Table 1.4. List of bacteria fungi with the highest specific activity (umol.min™.mg™) for
hemicellulases (Howard et al. 2003).

Bacteria
Enzyme Organism Substrate Specific ~ Opt.temp.  Opt.pH
activity (°C)
Feruloyl esterase Clostridium Ethyl ferulate 88 65 8
stercorarium
Endo-1,4-p-xylanase  Bacillus pumilus B-1,4-D-xylan 1780 40 6.5
-1,4-xylosidase Thermoanaerobacter o-nitrophenyl-B-D-xylopyranoside 1073 93 6
ethanolicus
Exo-B-1,4- Pyrococcus furiosus p-nitrophenyl-B-D-galactoside 311 105 7.4
mannosidase
Endo-p-1,4- Bacillus subtilis Galactoglucomannan/ 514 50 5/7
mannanase glucomannans/mannan
Endo-a-1,5- Bacillus subtilis 1,5-a-L-arabinan 429 60 6/8
arabinanase
a- Clostridium stercoarium  alkyl-a-arabinofuranoside/ aryl-a- 883 70 5
Larabinofuranosidase arabinofuranoside/
Larabinogalactan/
L-arabinoxylan/
methylumbelliferyl-a-
Larabinofuranoside
a-Glucuronidase Thermoanaerobacterium  4-O-methyl-glucuronosyl- 9.6 50 6
saccharolyticum xylotriose
a-Galactosidase Escherichia coli raffinose 27350 60 6.8
Endo-galactanase Bacillus subtilis arabinogalactan 1790 48 6
B-Glucosidase Bacillus polymyxa 4-nitrophenyl-p-D- 2417 NA NA
glucopyranoside
Acetyl xylan esterase  Fibrobacter Acetylxylan/ a-naphthyl acetate 2933 47 7
succinogenes
Fungi
Enzyme Organism Substrate Specific  Opt.temp.  Opt.pH
activity (°C)
Feruloyl esterase Aspergillus niger Methyl sinapinate 156 55 5
Endo-1,4-pB-xylanase  Trichoderma 1,4-p-D-xylan 6630 45 5
longibrachiatum
B-1,4-xylosidase Aspergillus nidulans p-nitrophenyl-B-D-xylopyranoside 107.1 50 5
Exo-B-1,4- Aspergillus niger B-D-Man-(1-4)-B-D-GIcNAc-(1- 188 55 35
mannosidase 4)-B-DGIcNAc-
Asn-Lys
Endo-B-1,4- Sclerotium rolfsii Galactoglucomannan/mannans 380 72-74 2.9/3.3
mannanase galactomannans/glucomannans/
Endo-a-1,5- Aspergillus niger 1,5-a-L-arabinan 90.2 50-55 4.5-5.0
arabinanase
a-L- Aspergillus niger 1,5-a-L-arabinofuranohexaose/ 396.6 50-60 3.4-45
arabinofuranosidase 1,5-a-
L-arabinotriose/ 1,5-L-arabinan/ a-
Larabinofuranotriose
a-Glucuronidase Phanerochaete 4-O-methyl-glucuronosyl- 45 50 35
chrysosporium xylobiose
a-Galactosidase Mortierella vinacea melibiose 2000 60 4
Endo-galactanase Aspergillus niger NA 6593 50-55 35
B-glucosidase Humicola insolvens (2-hydroxymethylphenyl)-p- 266.9 50 5
Dglucopyranoside
Acetyl xylan esterase  Schizophyllum 4-methylumbelliferyl acetate/ 4- 227 30 7.7

commune

nitrophenyl acetate

As in cellulase systems, xylan-degrading systems also exhibit synergism (Bachmann

and McCarthy 1991). While the number of enzymes required for xylan hydrolysis is
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much greater than for cellulose hydrolysis, accessibility to the substrate is easier, since
xylan does not form tight crystalline structures (Gilbert and Hazlewood 1993). To date,
no comprehensive effort has been reported to optimize hydrolysis of switchgrass using
hemicelluloses-degrading enzymes.

1.1.11. Fermentation

Lignocellulose is often hydrolyzed by acid treatment; the hydrolysate obtained is then
used for bioethanol fermentation by microorganisms such as yeast. Because such
lignocellulose hydrolysate contains not only glucose, but also various monosaccharides,
such as xylose, mannose, galactose, arabinose, and oligosaccharides, the
microorganisms should be required to ferment these sugars efficiently for the successful
industrial production of bioethanol (Katahira et al. 2006). According to the reactions,
the theoretical maximum vyield is 0.51 kg bioethanol and 0.49 kg carbon dioxide per kg
of xylose and glucose (Vessia 2005):

3C,H,,0, —5C,H.OH +5CO,
C,H,,0, —> 2C,H.OH +2CO,

Fermentation involves microorganisms that use the fermentable sugars for food, and in
the process produce ethyl alcohol and other byproducts. These microorganisms can
typically use the 6C sugars, one of the most common being glucose. Therefore,
cellulosic biomass materials containing high levels of glucose or precursors to glucose
are the easiest to convert to bioethanol. Microorganisms, termed ethanologens, presently
convert an inadequate portion of the sugars from biomass to bioethanol (Demirbas
2005b). There are a number of microorganisms that produce significant (greater than
1% w/v) quantities of bioethanol (Stewart and Russell 1987).

Xylose-fermenting microorganisms are found among bacteria, yeast and filamentous
fungi (Hahn-Hagerdal et al. 2006). Today, xylose-fermenting bacteria include both
native and genetically-engineered organisms, and many have characteristics useful for
simultaneous saccharification and fermentation (Jeffries and Jin 2000). One of the most
effective bioethanol-producing yeasts, S. cerevisiae, has several advantages, owing to
its high bioethanol production from hexoses and high tolerance to bioethanol and other

inhibitory compounds in the acid hydrolysates of lignocellulosic biomass. However,
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because wild-type strains of this yeast cannot utilize pentoses, such as xylose and
arabinose, and celloligosaccharides, bioethanol production from a lignocellulose
hydrolyzate is inadequate (Katahira et al. 2006). Using S. cerevisiae, high bioethanol
yields from xylose also require metabolic engineering strategies to enhance the xylose
flux (Hahn-Hagerdal et al. 2006).

The ethanologenic bacteria that currently show the most promise for industrial
exploitation are E. coli, Klebsiella oxytoca and Zymomonas mobilis (Dien et al. 2003).
Zymomonas is well recognized for its ability to produce bioethanol rapidly and
efficiently from glucose-based feedstocks, and comparative performance trials have
shown that Z. mobilis can achieve 5% higher yields and up to a five-fold higher
volumetric productivity when compared with traditional yeast fermentations. Z. mobilis
has demonstrated theoretical bioethanol vyields of up to 97%, and bioethanol
concentrations of up to 12% (w/v) in glucose fermentations (Mohagheghi et al. 2002).
Z. mobilis also efficiently produces bioethanol from the hexose sugars glucose and
fructose, but not from pentose sugars, although a xylose-fermenting Z. mobilis was
generated by introducing a xylose-metabolizing pathway from E. coli (Hahn-Hagerdal
et al. 2006). Despite its advantages as an ethanologen, Z. mobilis is not well suited to
biomass conversion because it ferments only glucose, fructose and sucrose. However,
over the last decade, researchers at the National Renewable Resources Laboratory
(NRRL, US Department of Energy) have successfully engineered strains capable of
fermenting xylose and arabinose (Dien et al. 2003). E. coli and K. oxytoca naturally
metabolize arabinose, such that the ethanologenic strains ferment all lignocelluloses-
derived sugars (Hahn-Hagerdal et al. 2006).Under aerobic conditions, succinate is not
produced as a by-product in E. coli and acetate is the main by-product. Numerous
metabolic engineering strategies to enhance succinate production in E. coli have met
with success (Lin et al. 2005). K. oxytoca is an enteric bacterium found growing in
paper and pulp streams as well as around other sources of wood. The microorganism is
capable of growing at a pH as low as 5.0 and temperatures as warm as 308 K. K.
oxytoca will grow on a wide variety of sugars including hexoses and pentoses, as well
as on cellobiose and cellotriose. E. coli and K. oxytoca have wider substrate ranges than
Z. mobilis (Dien et al. 2003). Natural xylose-fermenting yeasts, such as Pichia stipitis,
Candida shehatae, and Candida parapsilosis, can metabolize xylose via the action of

xylose reductase (XR) to convert xylose to xylitol, and of xylitol dehydrogenase (XDH)
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to convert xylitol to xylulose. Therefore, bioethanol fermentation from xylose can be
successfully performed by recombinant S. cerevisiae carrying heterologous XR and
XDH from P. stipitis, and xylulokinase (XK) from S. cerevisiae (Katahira et al. 2006).

Microorganisms for bioethanol fermentation can best be described in terms of their
performance parameters and other requirements, such as compatibility with existing
products, processes and equipment. The performance parameters of fermentation are
temperature range, pH range, alcohol tolerance, growth rate, productivity, osmotic
tolerance, specificity, yield, genetic stability, and inhibitor tolerance (Demirbas 2004).
All the recombinant strains are mesophilic organisms and function best between 303
and 311 K (Hettenhaus 1998). An organism must maintain a fairly constant pH balance
to survive. Most bacteria grow best in a narrow range of pH from 6.5 to 7.5
(Aminifarshidmehr 1996). Yeast and fungi tolerate a range of pH 3.5-5.0. The ability to
lower pH below 4.0 offers a method for present operators using yeast in less than
aseptic equipment to minimize loss due to bacterial contaminants. The majority of
organisms cannot tolerate bioethanol concentrations above 10-15% (w/v) (Hettenhaus
1998).

Fermentation can be performed as a batch, fed batch or continuous process. The choice
of the most suitable process depends upon the kinetic properties of the microorganisms
and the type of lignocellulosic hydrolysate in addition to the economic aspects of the
process (Chandel et al. 2007). Fed-batch reactors are widely used in industrial
applications because they combine the advantages of both batch and continuous
processes (Saarela et al. 2003). The major advantage of fed-batch, compared to batch, is
the ability to increase maximum viable cell concentration, prolong culture life, and
allow product accumulation to a higher concentration (Frison and Memmert 2002). A
typical fed-batch fermentation process consists of three technological stages: batch-
feeding-batch. Process optimization requires determination of the feed start and finish
time points and the feed-rate time profile during the feeding time interval. An optimal
feed-rate time profile is usually close to exponential; however, simplified time profiles
such as a constant rate or a ramp-shaped profile can give process results close to optimal
(Levisauskas and Tekorius 2005). This process allows for the maintenance of critical
process variables (e.g., temperature, pH, and dissolved oxygen) at specific levels
through feedback control (Gunther et al. 2006).

48



Separate Hydrolysis and Fermentation (SHF)

The SHF process uses separate pretreatment, enzymatic hydrolysis and fermentation
steps. The primary advantage of this approach is that by separating these steps,
undesirable interactions are avoided. Using separate reactors allows each step to be
carried out at its optimum temperature: 40-50°C for enzymatic hydrolysis and 30°C for
fermentation (Philippidis 1996, Brown 2003). The disadvantage of this method is the
inhibition of cellulase and B-glucosidase enzymes by glucose released during
hydrolysis, which calls for lower solids loadings and higher enzyme loadings to achieve
reasonable yields (Philippidis 1996, Brown 2003). Lower sugar yields result in lower

ethanol concentrations, and thus increase the cost of fermentation and ethanol recovery.
Simultaneous Saccharification and Fermentation (SSF)

Extensive research has shown that SSF is a promising way to biochemically convert
cellulose into ethanol (Philippidis 1996) and according to Wyman (1996) it is generally
accepted as the most effective and economical way to convert cellulose to ethanol. The
process combines the enzymatic hydrolysis of cellulose to glucose by cellulolytic
enzymes with the catabolism of glucose to ethanol by fermentative microorganisms. By
combining cellulose and glucose in the same reactor, glucose is rapidly removed before
it can inhibit the cellulase enzymes during hydrolysis. The optimum temperature for the
reaction (37-38°C) is a compromise between the optimum temperatures for the enzymes

in hydrolysis and the yeast in fermentation.
Direct Microbial Conversion (DMC)

Direct microbial conversion combines cellulase production, cellulose hydrolysis and
glucose fermentation into a single step. The process is attractive in that it reduces the
number of reactors, simplifies operation, and reduces the cost of chemicals (Brown
2003). However, the ethanol yields are low, several metabolic byproducts are produced,
and the organisms usually have a low tolerance to ethanol (Philippidis 1996). The
organism most investigated for DMC of cellulose is Clostridium thermocellum (Johnson
et al. 1982). Studies on this microorganism have shown ethanol tolerance in the range of
2.9 to 3.6% ethanol, while the typical tolerance of ethanologenic yeast ranges from 8-

10% ethanol. In addition, a large fraction of the catabolized carbon goes into acetic and
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lactic acid during DMC, which reduces ethanol yield and increases the cost of
production (Klapatch et al. 1994).

Fermentation Improvement
Physiological Approach

Improvements to fermentation productivity can be made by understanding that the
parameters involved in productivity, namely, the specific rate of ethanol production, and
the growth yield coefficient, are affected by environmental factors. Finding the ideal
chemical/nutrient composition of the fermentation medium and the optimal temperature

and pH can improve product yield. (Lawford 1988).
Yeast vs. Bacteria

Yeasts such as S. cerevisiae have been traditionally used to ferment glucose to ethanol.
S. cerevisiae ferments glucose through the Embden-Meyerhoff-Parnas pathway
(Picataggio et al. 1994). This yeast is a facultative anaerobe that prefers aerobic growth,
but is capable of growing in anaerobic environments. The ability of the yeast to ferment
sugars at a low pH provides protection against bacterial contamination during
cultivation. The high indigenous levels of glucose-inducible pyruvate decarboxylase
(PDC) and alcohol dehydrogenase (ADH) help insure high fermentation rates and
specific productivities, while providing resistance to glucose catabolite repression
during fermentation of mixed-sugar hydrolyzates (Picataggio et al. 1994). The gram-
negative bacterium, Z. mobilis has attracted considerable attention due to its superior
kinetic and vyield characteristics, and unlike S. cerevisiae, there are no oxygen
requirements for lipid synthesis. Z. mobilis ferments glucose through the Entner-
Douderoff pathway (Picataggio et al. 1994). Like yeasts, Zymomonas is acid-tolerant
and is resistant to bacterial contamination. In addition, the bacterium is able to grow at
high sugar concentrations (>25% glucose) and to produce and tolerate ethanol at

concentrations up to 13% (w/v) (Rogers et al. 1979).

The main disadvantage of these microorganisms is their limited substrate utilization
ranges. Their inability to ferment xylose, the primary pentose present in hemicellulose,
as well as all other monosaccharides in lignocellulosic materials makes producing

ethanol from lignocellulose less efficient and therefore, less attractive from an economic
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perspective. Current research, however, aims to use genetic engineering to modify these

organisms, as well as others, to increase ethanol yields.
Genetically Modified Organisms

One important requirement for improving ethanol production from lignocellulose is the
use of an efficient microorganism that is able to ferment both pentoses and hexoses as
well as to tolerate stress conditions (Zaldivar et al. 2001). Through metabolic
engineering, bacterial and yeast strains have been constructed which have desirable
traits for producing ethanol from lignocellulose. Essential traits include a broad
substrate utilization range, high ethanol yields, minimal by-product formation, high
ethanol tolerance, increased tolerance to inhibitors, and tolerance to sudden changes in
environmental conditions. Some other traits that are desirable, but not required are:
simultaneous sugar utilization, hemicellulose and cellulose hydrolysis, Generally
Regarded as Safe (GRAS) status, recyclablility, minimal nutrient supplementation, and
tolerance to low pH and high temperatures (Zaldivar et al. 2001). The three main

microorganisms that have been investigated are S. cerevisiae, Z. mobilis, and E. coli.
Continuous vs. Batch Fermentation

Batch processes are closed systems where nothing is added after inoculation except
possibly acid or alkali for pH control or air for aerobic fermentations. Continuous
culture, on the other hand, is an open system where fresh medium is continuously added
and the product is removed at the same rate, thus resulting in a constant volume system.
Continuous fermentation with cell recycle involves separating the yeast or bacteria cells
from the effluent and recycling them back to the fermentor, thus minimizing cell
removal from the reactor. One of the first steps taken to improve ethanol productivity
from yeast was switching from batch mode to operating in continuous mode. This
change increased productivity three-fold, from about 2 to 6 g EtOH/L/h (Cysewski and
Wilke 1977). In addition, operating continuously at higher cell densities using cell
recycle reactors was another effective way to increase productivity. A single-stage
continuously-stirred tank reactor (CSTR) operating at high biomass loadings (50-80 g
yeast/L) has an ethanol productivity of 30-40 g EtOH/L/h (Cysewski and Wilke 1978).
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1.2 OBJECTIVE OF THE THESIS

Turkey, having rich agricultural potential and large agricultural areas, is an important
wheat, corn and hazelnut producer. Approximately 40-53 million t of straw (Ergudenler
and Isigigur 1994), 4.2 million t of corn stalks (Anonymous 2012a) and 550-650,000 t
of hazelnut (Anonymous 2012b) were produced in Turkey per year. The objective of
this thesis was to examine the usage of large quantities and inexpensive wheat straw,

corn stalks and hazelnut husks for bioethanol production.

Turkey has 71.3% (B,0O3) of world boron reserves. It can be valuable to examine the use
of this chemical in industrial applications. As is known, borohydrate is a powerful
reducing agent that degrades the structure lignin. On the other hand, it converts the
carbonyl groups in the reducing end units of carbohydrate chains to hydroxyl groups
and therefore preserves the carbohydrates. A hypothesis could be made that selective
lignin delignification of NaBH, may improve the process yield and may result in better
enzymatic digestibility in bioethanol production. For this reason, NaBH,4 was utilized
for the first time ever in the chemical pretreatment step. To compare the obtained
results, the conventional chemicals NaOH, H,SO,4 and H,O, were also investigated in

this study.
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2. MATERIALS AND METHODS

2.1. MATERIALS

Wheat straw, corn stalks and hazelnut husks were obtained from field directly after
harvest in Duzce province in Turkey. Firstly, straw and stalks were cut to suitable sizes
(3-5 cm) for the next process using a garden chopper. And then, the chopped materials
and hazelnut husks were air dried at room temperature and stored in the plastic bags
separately. The moisture contents were determined (Tappi T 412 om-06) and the
materials were stored at -5°C.

2.2. METHODS

The raw samples were first steam exploded and then pretreated with NaOH, H,SQOy,
H,0, and NaBHj,. The treated samples were enzymatically hydrolyzed and fermented to
produce ethanol.

Pretreatments

The SE was carried out in a 20 L reaction vessel. Samples of 1000 g (oven dry-o0.d.)
were treated for 5 min at 198-200°C (15 psi-103.4 kPA). The steam exploded samples
were filtrated using 200 mesh wire screen and the liquid and solid parts were separately
collected from each. Extractives, holocellulose, ash, acid soluble/insoluble lignin and

sugar contents were determined in the solid material prior to chemical treatment.

The steam exploded solid samples of 40 g (0.d.) each were chemically treated using
NaOH, H,SO,4, H,O, or NaBH,4. The treatments were made at 0.5, 2 and 4% (w/v)
concentrations. The solid loading applied was 10% (w/v). Duplicate samples were
treated at 121°C (15 psi-103.4 kPA) for residence times of 30, 60 and 90 min with each
raw material. After treatment, the liquid part was filtrated and the solid part was stored
in sealed plastic bags at 4°C for enzymatic hydrolysis. Treatment yield, acid
soluble/insoluble lignin and sugar contents were determined in each of the solid
samples. The optimum chemical pretreatments for further enzymatic hydrolysis were

determined based on the highest ratio of glucan and lignin.
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Enzymatic Hydrolysis

The enzymatic hydrolysis was accomplished on 5 g (0.d.) chemically-treated samples
using a mixture (50% v/v) of Celluclast 1.5 L (700 U/g) and Cellobiase (Novozym 188)
(250 U/g). Hydrolysis was carried out at 5% solid loading in 100 ml of 50 mM sodium
acetate buffer at pH 5.0. In addition, sodium azide (NaNs, 0.0001 M) was used in this
study to prevent microbial contamination. The enzyme reaction was performed in a
rotary shaker at 42 °C for 100 rpm. Samples of 1.5 ml were taken at 0, 6, 24, 48, and 72
h. The samples taken were first put into boiling water for 10 min to stop the enzymatic
activity. Then, the samples were centrifuged at 10.000 rpm for 5 min. The glucose and

xylose contents of the samples were determined.
Fermentation and Ethanol Production

The enzymatically treated hydrolyzates were centrifuged at 5.000 rpm for 10 min. The
supernatant samples of 20 ml each were transferred to 100 ml serum bottles for
fermentation. Yeast extract (5 g/L) was added to the samples. Minerals required for
microbial growth, 3.75 g/L (NH4)2SO,, 2.1 g/L K;HPO,, 0.375 g/L MgSO,.7H,0 and
0.5 g/L CaCl,.2H,0 were added to the samples. Saccharomyces cerevisiae ATCC 26602
(5% v/v) from overnight cultures was added and then the samples were incubated in an
orbital shaker at 100 rpm for 72 h at 30°C. Periodically taken samples (at 6, 24, 48, and
72 h) were centrifuged at 10.000 rpm for 10 min and then the supernatants were filtered
through 0.45 p pore sized filters. The collected materials were stored at -20°C and the

glucose, xylose and ethanol concentrations were determined in HPLC.
Analytical Methods

The yield of the samples was determined by gravimetric measurements. The chemical
composition of the samples was obtained using appropriate methods: hot and cold water
(Tappi T 207 om-88), 1% NaOH (Tappi T 212 om-88) solubility, extractives content
(Tappi T 204 om-88), ash (Tappi T 211 om-85) and holocellulose (Wise 1952).

Laboratory Analytical Procedures (LAP) from the NREL (Sluiter et al. 2004) was used
to determine sugar and lignin contents of the samples. The sugar contents were
determined by utilizing HPLC (Agilent 1200 system) equipped with Shodex 1011

column (mobile phase: 5 mM H,SO,, flow rate: 0.5 ml/min, column temperature: 60°C)
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and the refractive index detector (RID). The acid insoluble lignin was obtained by
weighing the solid samples. The acid soluble lignin was analyzed at the adsorption of
320 nm against blank deionized water.

The percentage of solids recovered was calculated on an oven dry basis as follows:

The percentage of solids recovered= [%) %100 (2.1)

1

W, is the dry weight of the sample before pretreatment (g); W is the dry weight of the
treated sample (g).

The reduction in lignin was calculated regarding the initial dry weight of lignin in the
untreated material (LU) and the dry weight of lignin in the remaining solids after
treatment (LP). The percentage of lignin reduction was calculated with the following

equation:

LU-LP

The percentage of lignin reduction:( j*lOO (2.2)

LP is the dry weight of lignin in the pretreated sample and LU is the dry weight of
lignin in the untreated biomass. In addition, the solubilization of glucan and xylan in the
pretreated samples was calculated in the same manner by substituting the appropriate

percentage for glucan and xylan.

The percentage of glucan conversion in enzymatically hydrolyzed samples was

calculated as follows:

0,
The % of glucan conversion:( #GH j %100 (2.3)

%GP
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The %GH is the dry weight percentage of glucose in the enzyme hydrolysis
supernatants and the %GP is the dry weight percentage of glucose in the treated
samples. The conversion of xylan during enzymatic hydrolysis was also calculated in
the same manner by substituting the appropriate percentage for xylan.

During fermentation, the ethanol yield was calculated as a percentage of the theoretical
maximum yield (Kim and Lee 2005):

The % of theoretical ethanol yield= (Lj *100 (2.4)
G=*0.511

E and G represent ethanol (g) produced during fermentation and glucose (g) in the
hydrolyzates, respectively. The constant 0.511 is the theoretical yield of ethanol
produced from glucose.

The obtained data were statistically analyzed by the SPSS 16.0 packet program. To
identify significant differences, we used One-way ANOVA for effects of pretreatments
on enzymatic hydrolysis and Univariate ANOVA for effects of chemical, time and
concentration on glucan, xylan and lignin. Significant differences between groups were
identified using the Duncan test. The SE effect on glucan, xylan and lignin for all raw

materials was determined by the Levene (F test) and t tests.
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3. RESULTS AND DISCUSSION

3.1. CHAPTER 1: WHEAT STRAW
3.1.1. Composition of Wheat Straw

The results of chemical composition for wheat straw obtained in this study and
hardwoods and softwoods were given in Table 3.1. The total sugar content of the straw
was found to be 59.9%. Glucan was the main component (36.6%) of the structure.
Xylan, major hemicellulose constituent, was found to be 19.7%. Arabinan consisted of
only a small portion (3.63%). On the other hand, mannan and galactan was not able to
be detected in HPLC, in this study. The holocellulose content of straw was 68.9% and
compared to hardwoods, it was slightly lower and was in the range of softwood. The
high sugar content of straw indicated that wheat straw is a convenient lignocellulosic
substrate for ethanol production. In addition, it could be mentioned that the difference
between holocellulose content by Wise and total sugar determined in HPLC is probably
due to the sugar degradation during the intense hydrolysis of sulfuric acid in HPLC
procedure (Badger 2002). Compared to hardwoods and softwoods, the total lignin and
extractives content of straw was almost similar. On the other hand, hot, cold and 1%
NaOH solubility values were much higher than hardwoods and softwoods. The high ash

content was also noticed for straw.

The chemical composition of wheat straw obtained in this study was also compared
with earlier literature findings. It is observed that the determined sugar content in this
study was within the range reported by other researchers (Heiss-Blanquet et al. 2011).
On the other hand, the lignin content observed in this study (35.2%) was found to be
slightly higher compared to the literature (Heiss-Blanquet et al. 2011, Kristensen et al.
2008, Deniz 1994). This could be explained by region, crop maturity, harvest times,
plant parts, etc. of straw used in this study. On the other hand, the lignin content of
straw in general was comparable with herbaceous species and other agricultural residues
(McMillan 1994). The solubility values in this study were also similar to reference
observation (Moore 1996).
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3.1.2. Effects of Pretreatments
Steam Explosion

The straw was first steam exploded and then chemically pretreated to enhance the
enzymatic digestibility and the ethanol fermentability. The chemical compositions of
steam exploded straw of solid material was presented in Table 3.1. Solid material
recovered after SE was observed to be 92.2% (w/w). 7.80% of material was solved and
was in the liquid portion. Results indicated that glucose portion was relatively increased
by SE and this could be explained mainly by xylan (16.7%) solubilization and some
lignin (5.86%) degradation. After SE, 98.4% of glucan was recovered in solid material.
In addition, statistical analysis showed that SE had significant (p<0.001) effects on

glucan, xylan and lignin.

Table 3.1. Composition of untreated and steam exploded wheat straw.

Chemical Raw straw Steam exploded Hardwoods Softwoods
composition, %) ! straw, (Fengel and (Fengel and Wegener
(%) (%) Wegener 1984) 1984)
Extractives 3.66+0.34 2-6 2-8
Hot water solubility 13.0+0.05 2-7 3-6
Cold water solubility 9.30+0.05 4-6 2-3

1 % NaOH solubility 45.5+0.20 14-20 9-16
Holocellulose 68.9+0.19 52.1+1.07 70-78 63-70
Acid insoluble lignin 34.0+0.05 34.5+1.04

Acid soluble lignin 1.22+0.02 1.46£0.09

Total lignin 35.2 36.0 30-35 25-35
Ash 10.1+0.01 8.73+£0.15

Glucose 36.6£1.67 39.0+2.05

Xylose 19.7+1.23 17.7+0.78

Arabinose 3.63+0.29 1.43+0.39

Total sugar 59.9 58.1

* Composition percentages are dry-weight basis and values are average of triplicate measurements.

Compared with the literature (Tomas-Pejo et al. 2008), the glucan solubility observed in
this study was approximately equal, but the xylan solubility and lignin reduction were
slightly lower. On the other hand, Martin et al. (2008) found very high amount of xylan
solubilization (60%) and lignin degradation (35%) for sugarcane bagasse. Martin
accomplished SE at 205°C for 10 min (up to 40 bar). The work of Martin indicated that
intensive SE conditions removed more xylan and lignin from the structure, but glucan
recovery was also lower. Consequently, mild SE conditions applied in this study were

seems to be convenient for bioethanol production.
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Chemical Pretreatments

In this study, common pretreatment chemicals of NaOH, H,SO, and H;O, were
compared with the chemical of NaBH,. The percent solid recovered after treatment was
shown in Table 3.2 for each treatment step. The statistical test results for factors of four
chemicals, three treatment time and three chemical concentrations and their interactions

on glucan, xylan and lignin were presented in Table 3.3 and Table 3.4.

Table 3.2. Solids recovery after pretreatments.

Solids recovered after chemical pretreatments (%)*°
Time (min), Conc. (%) Sulfuric acid Sodium hydroxide Hydrogen peroxide Sodium borohydrate

30, 0.5 81.9+£0.50 79.8+0.50 86.1+0.93 81.3+0.76
30, 2 81.4+0.57 75.6+1.55 80.1£0.29 79.4+0.28
30, 4 80.0+£0.46 64.2+0.27 80.4+0.21 77.2+0.44
60, 0.5 81.8+0.25 77.0£0.41 82.7£0.15 78.0 +0.10
60, 2 79.9£0.12 58.9+0.50 82.0+0.51 77.1+£0.08
60, 4 80.5+0.43 58.3+0.13 79.8+0.34 76.1+0.06
90, 0.5 73.0+0.95 76.7+0.10 80.6+0.64 78.9+0.40
90, 2 73.9£0.58 58.9+0.20 79.9+0.31 72.6+0.31
90, 4 71.4+0.00 61.4+0.03 75.4+0.38 70.3+0.36

? Percentages calculated from value on a dry-weight basis. ® Data are averages of three replicates.

Table 3.3. Interactions between chemicals, time and concentrations on glucan, xylan

and lignin.

Source Type Il Sum of Squares df Mean Square F P
Chemical 1093.4 3 364.5 1426 *

S | Time 162.7 2 81.3 318 *

< & | Concentration 3311 2 165.5 648 *
§ = | Chemical * Time 162.6 6 27.1 106 *
o § Chemical * Concentration 221.7 6 36.9 145 *
& | Time * Concentration 40.9 4 10.2 400 **
Chemical * Time * Concentration 148.7 12 12.4 485 *
Chemical 115 3 3.85 1.64 NS

S | Time 66.2 2 33.1 141 =

= § Concentration 39.4 2 19.7 836 *
=.= | Chemical * Time 83.3 6 13.9 590 *
X S | Chemical * Concentration 74.0 6 12.3 524 *
& | Time * Concentration 3.98 4 0.99 0.42 NS
Chemical * Time * Concentration 21.4 12 1.78 0.76 NS

< | Chemical 1952.5 3 650.8 5006 *
2 | Time 544.8 2 272.4 2095 *
é Concentration 103.9 2 51.9 400 *
® | Chemical * Time 501.3 6 83.6 643 *
g Chemical * Concentration 388.0 6 64.7 497 *
.‘__T Time * Concentration 74.2 4 18.6 143 *
Chemical * Time * Concentration 50.1 12 4,18 321 **

P Significance level. “Significant at 0.001 for ANOVA. ™ Significant at 0.01 for ANOVA. " None significant for ANOVA.
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Table 3.4. Effects of chemicals, time and concentrations on glucan, xylan and lignin.

Factor Treatment  Glucan (%) Xylan (%) Lignin (%)
NaOH 52.1a% 11.1a 29.8a
Chemical H,SO,4 44.7b 10.7a 415b
H,O0, 41.7¢c 11.8a 29.2a
NaBH, 48.1d 10.9a 29.3a
30 min 44.6a 12.2a 35.1a
Time 60 min 47.2b 11.3a 336D
90 min 48.2¢ 9.87b 28.7¢
0.5% 439a 12.1a 34.0a
Concentration 2% 47.0b 11.1b 32.3b
4% 49.1c 10.2b 3l.1lc

A Means within each column and factor followed by the same letter are not significantly different by Duncan test (p<0.05).

NaOH is an alternative method to acid treatment. In this study, results showed that
higher residency time and alkali concentrations diminished the solid recovery (Table
3.2). The glucan content of pretreated solids ranged from 44.2% (0.5%, 90 min) to
59.9% (2%, 90 min). The solubilization of glucan during NaOH treatment was found to
be between 5.34% (0.5%, 30 min) and 19.0% (2%, 60 min) (Figure 3.1a). Glucan
solubilization was explained by disruption of cellulose and hemicellulose bonds
resulting in cellulose swelling and partial hemicellulose solubilization (Chen and
Sharma-Shivappa 2007). Higher residency times and alkali concentrations resulted in
higher glucan solubilization. On the other hand, lower glucan solubilization for higher
treatment concentrations at higher residency time (for 90 min) could be explained by
much more xylan solubilization and lignin degradation (Figure 3.1b and Figure 3.1c) in
this treatment conditions. Silverstein et al. (2007) reported nearly 21.0% glucan

solubilization for cotton stalks at 2% NaOH concentration (121°C/60 min).

The xylan content of pretreated solids ranged from 7.60% (4%, 60 min) to 15.6%
(0.5%, 90 min). NaOH treatment resulted in 32.8% (0.5%, 90 min) to 75.0% (4%, 60
min) of xylan solubilization and this finding could be explained by amorphous, low
molecular weight, heterogeneous and branched structure of xylan. Xylan solubilization

of NaOH treatment was higher compared to other chemical pretreatments (Figure 3.1b).
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Figure 3.1. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction in
sodium hydroxide pretreated samples as a function of residence time and concentration
(SE WS: steam exploded wheat straw).

Accessibility of hydrolytic enzymes to carbohydrates are limited by lignin because
lignin; three dimensional complex aromatic polymer, cover up cellulose and
hemicellulose (Fan et al. 1987) and its reduction in the structure is crucial for biomass
digestibility. Results in this study showed that NaOH treatment was an effective

approach in lignin removal from the structure and lignin degradation in NaOH treatment
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could be explained by breakage of ester linkages between lignin and xylan and
deprotonation of lignin phenolic groups (Sun et al. 2005a). The amount of total lignin in
the solids after NaOH treatment ranged from 35.0% (30 min) to 27.0% (90 min) for
0.5% NaOH, 34.7% (30 min) to 20.6% (90 min) for 2% NaOH, 34.5% (30 min) to
20.2% (90 min) for 4% NaOH. Increase in alkali concentration from 0.5% to 4%
resulted in more lignin reductions (Figure 3.1c). The obtained data is also comparable
with literature (Chen and Sharma-Shivappa 2007) that reported 84.5% lignin reduction
in wheat straw treated with 2% NaOH at 121°C/60 min. Consequently, solubilization of
xylan in conjunction with substantial lignin removal in alkali treatment could improve
the next process step, enzymatic hydrolysis. The optimum NaOH treatment was
determined in this study taking into regard the glucan to lignin ratio. Results showed
that glucan to lignin ratio of NaOH treated samples were increased by 2.93% (4%, 90
min). This finding indicated selective delignification of NaOH in which the ratio was
1.08% for steam exploded material. As a result, NaOH treatment accomplished at 4%
concentration (90 min) was selected as optimum and this sample was processed further

for enzymatic hydrolysis.

H,SO, treatment is one effective treatment method for lignocellulosic biomass because
removing hemicellulose from cell wall structure increases porosity and expected to
improve enzymatic digestibility and maximum enzymatic digestibility is possible when
all hemicelluloses removed from the structure (McMillan 1994). The glucan and xylan
solubilizations and lignin reduction during H,SO,4 treatment of straw were shown in
Figure 3.2a-c. The solids recovery after treatment is presented in Table 3.2 and results
showed that higher residence times and acid concentrations diminished the solid

recovery.

Higher glucan content in acid treated straw was observed for higher acid concentrations
and residence times. Glucan content was ranged in this study from 39.7% (0.5%, 30
min) to 52.5% (4%, 90 min). Compared to the steam exploded feedstock, 83.3% and
96.1% of the glucan was preserved when the straw was treated with acid at 0.5% (30
min) and 4% (90 min), respectively (Figure 3.2a). Although, it is very desirable for the
cellulose portion to be unaffected by acid treatment, slightly more glucan reduction was

observed in this study.
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Figure 3.2. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction in
sulfuric acid pretreated samples as a function of residence time and concentration (SE
WS: steam exploded wheat straw).

Acid treatments in higher temperature results in hemicellulose hydrolysis by releasing
monomeric sugars and soluble oligomers from the cell wall structure. Xylan was the
largest portion of hemicellulose of straw. The xylan content of pretreated solids ranged
from 7.43% (4%, 90 min) to 13.4% (0.5%, 60 min) (Figure 3.2b). In acid treatment,

concentration had a significant effect on xylan reduction and acid treatment resulted
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39.5% (0.5%, 30 min) and 70.1% (4%, 90 min) xylan solubilization. Compared to the
glucan, more xylan solubilization could be attributed to the fact that xylan is more labile
to solubilize (McMillan 1994) due to its non-crystalline structure. The results obtained
in this study was comparable to the literature findings and Schell et al. (2003) reported
77% xylan reduction in corn stover at 190°C/60 min with 1.35% acid and Grohmann et
al. (1985) reported more than 80% xylan solubilization of wheat straw treated with
dilute sulfuric acid at 140°C for 1 h.

Compared with untreated straw, the lignin content increased after acid treatment and the
lignin content of straw varied from 36.3% (30 min) to 40.3% (90 min) for 0.5% H,SOy,
39.6% (30 min) to 41.1% (90 min) for 2% H,SO., 43.1% (30 min) to 46.1% (90 min)
for 4% H,SO,4. The reduction of lignin, based on the weight of lignin in the steam
exploded material and the weight of lignin remaining after acid treatment ranged from
1.28% to 18.2% (Figure 3.2c). Silverstein et al. (2007) was also observed similar results
and they found 24.2% lignin reduction in cotton stalks when treated with 2% H,SO, at
121°C/90 min. This finding showed that acid treatment had minimal effect on lignin
degradation and thus has no substantial effect to improve enzymatic digestibility
(McMillan 1994). Although, the ratio of glucan to lignin contents of steam exploded
material was 1.08%, it was 1.20% after acid treatment (2%, 90 min). Consequently,

straw treated with 2% H,SO, (90 min) was further processed for enzymatic hydrolysis.

H,0, is well known bleaching agent in paper and cellulose industry. This chemical
decomposes into oxygen and water and do not leave residues in materials and form
secondary products (Rabelo et al. 2011). H,O, pretreatment utilizes oxidative
delignification to detach and solubilize the lignin and loosens the lignocellulosic matrix
thus improving enzymatic digestibility (Martel and Gould 1990). The glucan and xylan
solubilizations and lignin reduction, due to H,O, pretreatment of straw were shown in

Figure 3.3a-c and the solids recovered after treatment was presented in Table 3.2.

The percentage of glucan in treated straw ranged from 38.2% for (2%, 90 min) to 45.5%
for (4%, 60 min). Average glucan solubilization varied from 6.90% (4%, 60 min) to
22.7% (4%, 90 min) (Figure 3.3a). Comparable results were also observed by
Silverstein et al. (2007), who observed 30.6% xylan and 29.1% glucan solubilization in
cotton stalks with 2% H,0, at 121°C/30 min.
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Figure 3.3. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction in
hydrogen peroxide pretreated samples as a function of residence time and concentration
(SE WS: steam exploded wheat straw).

The amount of xylan remained after treatment was 8.50% (4%, 90 min) and 13.8% (2%,
60 min). Solubilized xylan was found to be between 36.5% (0.5%, 30 min) and 63.9%
(4%, 90 min) (Figure 3.3b). Increase in concentration and residence time resulted in
higher lignin reductions such as 16.9% (0.5%, 30 min) and 59.1% (4%, 90 min) (Figure
3.3c). Azzam (1989) and Sun et al. (2005b) reported 50% lignin reduction in sugarcane
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bagasse at 30°C/8 h with 2% alkaline H,O, and more than 80% reduction of lignin in
wheat straw treated with 2% H,0O, at 50°C for 5 h. Lignin degradation occurred in this
study was not as high as expected and this could be explained by decomposition of
H,0, to water at high temperatures. The glucan to lignin ratio was 1.08% for steam
exploded material and H,O, treatment improved that ratio to 2.05% (4%, 90 min).
Consequently, straw treated with 4% H,0, (90 min) was further enzymatically
hydrolyzed in this study.

NaBH, is an additive commonly used to improve the pulping selectivity (Copur and
Tozluoglu 2007). This chemical prevents peeling reactions and hemicellulose
degradation (Hoije et al. 2005) compared to other traditional pulping chemicals. The
aim of using NaBH, in this study was to preserve more glucan and delignify lignin more
selectively. The effect of NaBH, as pretreatment agent have not drawn much attention
yet. The glucan and xylan solubilization and lignin reduction during NaBH, treatment
of straws was shown in Figure 3.4a-c. Higher residency time and chemical
concentration resulted in lower solid recovery (Table 3.2). NaBH, treatment gave solid
recovery ranged from 81.3% (0.5%, 30 min) to 70.3% (4%, 90 min).

The glucan content of treated straw ranged from 44.7% (0.5%, 30 min) to 52.0% (2%,
90 min). The solubilization of glucan during NaBH, treatment was between 2.07% (4%,
60 min) and 7.27% (2%, 30 min) (Figure 3.4a) and as expected, glucan solubilization
was found to be lower compared to the other treatment chemicals examined in this
study. For all treatment conditions of NaBH,, the glucan solubility was around 6%.
This showed that NaBH, prevented peeling reactions and preserved more glucan in the

structure.

The xylan content of treated straw ranged from 9.46% (0.5%, 90 min) to 13.4% (4%, 30
min) and treated straw had 41.8% (4%, 30 min) and 58.7% (4%, 90 min) xylan
solubilization (Figure 3.4b). Therefore, compared to the other treatment chemicals used
in this study, the xylan solubilization observed with NaBH,4 was little lower. NaBH,
dissolved almost 60% of the xylan, which is the main hemicelluloses of wheat straw.
Results also indicated that treatment times of 60 and 90 min gave similar xylan

solubility. It showed that NaBH, preserved more xylan compared to NaOH.
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Figure 3.4. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction in
sodium borohydrate pretreated samples as a function of residence time and
concentration (SE WS: steam exploded wheat straw).

NaBH, treatment significantly decreased the lignin content and the lignin content of the
straw varied from 34.3% (30 min) to 33.2% (90 min) for 0.5% NaBH4, 34.5% (30 min)
to 26.5% (90 min) for 2% NaBH,, 30.5% (30 min) to 21.3% (90 min) for 4% NaBH,.
The maximum lignin reduction was observed with 4% NaBH,; at 90 min (58.4%)

(Figure 3.4c). The obtained data was almost similar to 4% NaOH treatment at 90 min
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(65.5%). Consequently, NaBH,4 removed more lignin from the structure compared to
xylan and this could be stated that removal of lignin is much important for better
enzymatic digestibility. It could be concluded that NaBH, was also an effective
chemical for selective delignification and pretreatment studies should be continued in
bioethanol production. The glucan to lignin ratio of NaBH, treated straw was 2.46%
(4%, 60 min) and it was 1.08% before treatment. Consequently, straw treated with 4%

NaBH, (60 min) was selected for further enzymatic hydrolysis.
3.1.3. Enzymatic Hydrolysis

Samples for enzymatic hydrolysis were determined based on glucan to lignin ratio of
the samples after chemical pretreatments. Samples to enzymatic hydrolysis were NaOH
2%/90 min, H,SO4 2%/90 min, H,O, 4%/90 min and NaBH4 4%/60 min. Enzymatic
hydrolysis were performed to 72 h of treatment time. Sugar content, glucose and xylose
were determined using the supernatant liquid. The concentrations of arabinose and
galactose were below the detection limit and were not reported in this study. The glucan
conversions for each hydrolysis were shown in Figure 3.5. The highest glucan
conversion was observed with NaOH treated straw (87.8%) and it was lower for
samples of NaBH; (83.3%), H,0, (74.7%) and H,SO, (71.7%). Statistical analysis

indicated that the mean glucan conversions for all test were significant (p<0.001).

The differences in glucan conversion during enzymatic hydrolysis could be due to the
type/amount of lignin found in samples structure. The lignin content of samples after
chemical pretreatments was 41.1%, 20.2% and 20.4% for H,O,, NaOH and NaBHy,,
respectively. The H,O, treated sample had 2.03 times of higher lignin on the other hand
had 1.22 times of lower glucan when compared to the NaOH. As a result, lower amount
of lignin in sample structure could be likely to have great impact on glucan conversion
compared to the xylan in sample structure. In addition, results of enzymatic digestibility
showed that NaBH, was an effective pretreatment chemical as well as conventional
chemical NaOH.

Wheat straw contain higher hemicellulose (mainly xylan) compared to woody biomass
(Wiselogel et al. 1996) and addition of xylanase during hydrolysis is expected to
increase monomeric sugar yields (Mosier et al. 2005a). Duarte et al. (2004) reported
that Celluclast 1.5 L had g-xylanase and p-xylosidase activities of 100 U/g and 0.53 U/g
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xylose, respectively. Although, in this study no xylanase was added into the Celluclast
1.5 L—cellobiase enzyme mixture, significant amount of xylose was detected in the
hydrolyzates (Figure 3.5). Results indicated that NaBH,4 pretreatment resulted in the
highest xylan to xylose conversion (44.2%). On the other hand, xylan conversion was
slightly lower for NaOH (43.8%). Xylan conversion for all treatments were statistically
significant (p<0.001). Chemical pretreatments removed some hemicellulose (mainly
xylan) from the structure. The results of this study indicated that enzyme application of
Celluclast 1.5 L and cellobiase mixture hydrolyzed the residual xylan and it could be

assumed that xylanolytic activity of these enzyme mixtures was enough for
hydrolysation.
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Figure 3.5. Glucan and xylan conversions after enzymatic hydrolysis (UWS: untreated
wheat straw, SE WS: steam exploded wheat straw).

3.1.4. Fermentation of Hydrolyzates

The findings of this study showed that pretreatment of straw prior to hydrolysis resulted

in a better fermentability of hydrolyzates (Table 3.5). The highest ethanol concentration
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of 10.3 g/L was observed with 2% NaOH (90 min) pretreated sample. However, the
highest ethanol yield of 115 g/kg (based on untreated straw) was obtained when the
material was pretreated with 4% NaBH, (60 min and the theoretical yield (86.9%) was
also calculated to be highest for the sample (Figure 3.6). Consequently, it could be
concluded that NaBH,4 could be an effective pretreatment chemical for fermentation

applications.

A wide range of theoretical ethanol yields (31-84%) for wheat straw (Zhu et al. 2006)
was reported in the literature depending on the methods that the material was treated.
Theoretical ethanol yields of 66.5-86.9% were observed in this study regarding different
treatment methods. Variation in ethanol yields could be due to the raw material,
geographic location, cultivar and harvest time, and the yeast strain used in the study and
treatment methods. Lower ethanol yields could be explained by the formation of by-
products such as furfural, HMF and phenolic compounds due to the chemical
pretreatments of straw and this also inhibits the fermentation of sugars by yeasts (Bjerre
et al. 1996). Even very low amount used in this study, sodium azide employed in
enzymatic hydrolysis to prevent microbial contaminations may also result in some

reduction in yeast activity (Fales 1953).
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Figure 3.6. Ethanol yield (percent of theoretical and g/100 g raw material) (UWS:
untreated wheat straw, SE WS: steam exploded wheat straw).
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Table 3.5. Glucose, xylose and ethanol concentrations during fermentation with S. cerevisiae in untreated and pretreated straws.

Pretreatment 0h 6h 24.h 48 h 72h
conditions Glucose  Xylose Ethanol | Glucose  Xylose Ethanol | Glucose  Xylose Ethanol | Glucose  Xylose Ethanol | Glucose  Xylose Ethanol
g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l
UWS™ 5.18+0.51 1.02+0.10 0.21+0.04 4.12+0.37 0.96+0.09 1.56+0.15 1.01+0.12 0.62+0.06 1.66+0.11 0.92+0.11 0.49+0.05 1.72+0.14 0.68+0.06 0.48+0.05 1.76+0.13
SE WS 8.37+0.00 2.244+0.01 0.37+0.12 6.64+0.07 2.08+0.02 2.68+0.09 1.21+0.04 1.37+0.00 2.99+0.03 1.02+0.03 1.08+0.01 3.08+0.10 0.95+0.07 1.05+0.01 3.18+0.06
0
g\ésmﬁz NaOH 23.1+£0.28 2.10+0.02 0.97+0.01 18.4+0.39 1.96+0.02 7.90+0.12 1.84+0.03 1.29+0.00 9.88+0.13 1.29+0.23 1.01+0.01 10.2+0.04 1.05+£0.13 0.99+0.01 10.3+0.13
0
g/\(/)SmﬁIZ H2S04 15.5£0.46 1.20+£0.03 0.72+0.01 12.3+0.17 1.06+£0.05 4.96+£0.16 1.69+0.03 0.74+0.00 6.19+0.07 1.31+£0.02 0.58+0.01 6.43+0.22 1.23+£0.01 0.56+0.01 6.55+0.15
0
g\(l)smﬁf' Hz0, 13.1+0.03 1.39+0.01 0.60+0.07 10.7+0.25 1.29+0.01 4.22+0.04 1.79+0.06 0.85+0.00 5.19+0.03 1.48+0.01 0.67+0.00 5.244+0.06 1.22+0.01 0.65+0.00 5.38+0.09
WS %4 NaBH,
18.4+0.13 1.91+0.28 0.81+0.05 14.8+0.01 1.78+0.26 5.97+0.04 1.45+0.31 1.18+0.19 7.90+0.03 1.17+0.08 0.91+0.13 8.06+0.07 1.06+0.05 0.90+0.13 8.16+0.07

60 min

*UWS: untreated wheat straw, SE WS: steam exploded wheat straw.
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3.2. CHAPTER 2: CORN STALKS
3.2.1. Composition of Corn Stalks

The chemical composition of corn stalks is shown in Table 3.6. The sugar fraction was
found to be 63.8% on dry weight. It was observed that glucan (38.2%) was the main
component of the structure. The hemicelluloses component xylan made up 23.1% of the
stalks. Arabinan composed only a small portion, and mannan and galactan could not be
detected in this study. The holocellulose content was 60.7% on dry weight.

The high carbohydrate content of the stalks indicated that the material is appropriate for
bioethanol production. The total sugar (63.8%) and lignin (33.0%) contents determined
in this study were parallel to earlier findings (Anonymous 2007, Donghai et al. 2006,
Usta et al.,, 1990). In general, corn stalks had a higher lignin content compared to
herbaceous species (10-20%) and some agricultural residues (McMillan 1994, Zhao et
al. 2009). The ash content found in this study was also comparable to that found in other
references (Donghai et al. 2006, Zhao et al. 2009).

Table 3.6. Composition of untreated and steam exploded corn stalks

Component Raw stalk, (%) Steam exploded stalk, (%)

Total sugar 63.8 70.6
Glucan 38.24+2.33 44.0+0.34
Xylan 23.1£1.12 24.2+1.77
Arabinan 2.50+0.32 2.40+0.66

Holocellulose 60.7+0.29 51.0+0.12

Acid-insoluble lignin 31.6+1.07 33.3+0.09

Acid-soluble lignin 1.41+0.04 1.33+0.07

Alcohol-benzene solubility 11.9+0.21 20.1+£2.10

Hot water solubility 22.2+0.35

Cold water solubility 25.3£1.05

1% NaOH solubility 51.7+0.18

Ash 4.18+0.05 4.73+£0.16

“Composition percentages are dry-weight basis and values are average of triplicate measurements.

3.2.2. Effects of Pretreatments
Steam Explosion

In this study, the stalks were steam exploded and then pretreated with chemicals to
improve the enzymatic digestibility and the ethanol fermentability. Results showed that
SE dissolved and removed some material from the structure, and the total solid

recovered after SE was 85.3% (w/w). The amounts of glucan (44.0%), xylan
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(24.2%), arabinan (2.40%), insoluble acid (33.3%) and soluble lignin (1.33%), ash
(4.73%), alcohol-benzene solubility (20.1%) and holocellulose (51.0%) were
determined in the steam exploded stalks (Table 3.6).

Compared to untreated stalks (38.2%), steam exploded stalks had higher glucan content
(44.0%). This finding could be explained by the xylan (10.5%) and lignin (10.6%)
removal from the structure. The glucan recovery was calculated at 98.2%, and statistical
analyses showed significant difference (p<0.001) between the untreated and the steam
exploded samples. Schultz et al. (1984) also observed similar results for corn stalks. The
moderate amount of xylan and lignin solubility in our study could be due to the mild
treatment conditions. On the other hand, intensive treatment conditions (205°C, 10 min
and up to 40 bar) for sugarcane bagasse dissloved higher lignin (35%), xylan (60%) and
glucan (19%) from the structure (Martin et al. 2008). Our results showed that mild SE
conditions were more suitable to preserve the glucan. The glucan to lignin ratio was

improved from 1.16 to 1.27 when the samples were steam exploded.
Chemical Pretreatments

The solid recovery data after chemical pretreatment are presented in Table 3.7. Results
showed that after chemical pretreatment the recovered solids varied depending on the

chemicals utilized, pretreatment times, and chemical concentrations.

Table 3.7. Solids recovery after pretreatments

Solids recovered after chemical pretreatments (%)>"
Time (min), Conc. (%) Sulfuric acid Sodium hydroxide Hydrogen peroxide Sodium borohydrate

30,05 77.0£0.72 75.8+0.87 81.2+0.84 85.9+0.61
30, 2 78.2+4.56 64.3+0.36 76.7+0.68 75.0+£0.93
30, 4 76.2+0.63 55.3+0.26 76.9+0.42 71.7+0.82
60, 0.5 76.8+0.93 72.9+0.52 76.2+0.74 74.3+£0.79
60, 2 76.7+0.84 61.5+0.31 74.7+0.39 70.5+0.33
60, 4 75.2+0.90 54.5+0.30 71.2+0.88 69.5+0.25
90, 0.5 77.0+0.73 71.2+0.30 75.0+0.00 74.2+0.90
90, 2 76.6+£0.91 55.4+0.51 72.2+0.48 71.4+0.30
90, 4 75.2+1.21 50.8+0.61 68.9+0.61 70.7+0.39

% Percentages calculated from value on a dry-weight basis. ® Data are averages of three replicates.

Anaylsis indicated that the weight loss could be principally explained by the
solubilization of xylan, lignin and extractives from the structure. Table 3.8 and Table
3.9 present the statistical interactions on glucan and xylan solubility and lignin

reduction for the four different chemicals used, the three different pretreatment times,
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and the three different chemical concentrations.

Table 3.8. Interactions between chemicals, time and concentrations on glucan, xylan

and lignin
Source Type Il Sum of Squares df Mean Square F P

Chemical 573.7 3 191.2 68.0 *
S | Time 21.9 2 11.0 3.90 ***

= § Concentration 276.2 2 138.1 491 *

S = | Chemical * Time 219.0 6 36.5 130 *
O 5 | Chemical * Concentration 48.6 6 8.09 288 F**

& | Time * Concentration 111.1 4 27.8 988 *
Chemical * Time * Concentration 34.6 12 2.88 1.02 NS

Chemical 372.6 3 124.2 54.8 *

S | Time 105.9 2 53.0 234 %

= § Concentration 87.8 2 43.9 194 *
=.= | Chemical * Time 68.2 6 114 5.02 **

X S | Chemical * Concentration 138.2 6 23.0 102 *
& | Time * Concentration 3.29 4 0.82 0.36 NS
Chemical * Time * Concentration 275 12 2.29 1.01 NS

< | Chemical 2897.3 3 965.8 12510 *

2 | Time 233.8 2 116.9 1514 *

é Concentration 201.5 2 100.8 1305 *

@ | Chemical * Time 586.0 6 97.7 1265 *

£ | Chemical * Concentration 331.2 6 55.2 715 =
.5’ Time * Concentration 10.2 4 2.55 3.30 ***

Chemical * Time * Concentration 89.8 12 7.48 9.70 *

P Significance level. " Significant at 0.001 for ANOVA. ™ Significant at 0.01 for ANOVA. ™ Significant at 0.05 for ANOVA.
None significant for ANOVA.

Table 3.9. Effects of chemicals, time and concentrations on glucan, xylan and lignin

Factor Treatment Glucan (%) Xylan (%) Lignin (%)
NaOH 47.0a" 14.1a 21.8a
Chemical H,SO, 49.2b 14.7 a 385b
H,0, 47.1a 19.7b 33.4¢c
NaBH, 54.0¢c 17.8¢ 26.8d
30 min 48.6 a 17.8a 32.6a
Time 60 min 49.7b 17.0a 29.5b
90 min 49.7b 149b 28.3¢
0.5% 46.9a 17.8a 324a
Concentration 2% 495hb 16.8b 29.6b
4% 51.7¢ 15.1¢ 28.4¢

A Means within each column and factor followed by the same letter are not significantly different by Duncan test (p<0.05).

Pretreatment with NaOH, an alternative to acid, disrupts the cellulose and hemicellulose
H-bonds, breaks the ester linkages between lignin and xylan, deprotonates the phenolic
groups and results in cellulose swelling and partial hemicellulose and lignin
solubilization (Sun et al. 2005a, Simpson et al. 2003, Akin et al. 1992). NaOH degrades
amorphous, low molecular weight and heterogeneous hemicelluloses. Results in this
study showed that more material was removed from the structure when higher residency

times and alkali concentrations were applied (Table 3.7).
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Figure 3.7. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction in
sodium hydroxide pretreated samples as a function of residence time and concentration
(SE CS: steam exploded corn stalks).

The glucan content of pretreated samples ranged from 42.2% (0.5% NaOH, 60 min) to
49.8% (4% NaOH, 90 min). The glucan solubilization of NaOH-pretreated stalks was
between 18.5% (0.5%, 30 min) to 42.5% (4%, 90 min) (Figure 3.7a). In another study,

Silverstein et al. (2007) reported nearly 21.0% glucan solubilization when cotton stalks
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were treated with 2% NaOH at 121°C for 60 min. In similar conditions, the higher
glucan solubility (30.1%) in this study could be explained by the steam explosion
applied to the stalks.

The xylan content of NaOH pretreated solids ranged from 9.43% (4%, 90 min) to 21.1%
(0.5%, 30 min). The xylan solubility of NaOH pretreated stalks (Figure 3.7b) ranged
from 33.9% (0.5%, 30 min) to 80.2% (4%, 90 min). The removal of xylan with lignin
from the structure is expected to improve the enzymatic digestibility. Chen and Sharma-
Shivappa (2007) reported 40%, 35% and 35% xylan solubilizations for barley straw,
triticale straw and wheat straw, respectively (2%, 121°C, 60 min). In this study, 55-60%

of the xylan removal was observed with similar treatment conditions.

Lignin (Fan et al. 1987), a three-dimensional complex aromatic polymer surrounding
cellulose and hemicellulose, limits the enzyme’s accessibility to carbohydrates, and its
removal is important for efficient enzymatic digestibility. NaOH was an effective
pretreatment chemical and removed a high amount of lignin from the structure. NaOH-
pretreated stalks at varying times and concentrations had lignin contents that ranged
from of 33.9% (0.5%, 30 min) to 11.6% (4%, 90 min). An increase in alkali
concentrations and times removed more lignin from the cell structure and reductions of
83.0% (4%, 90 min) and 25.7%, (0.5%, 30 min) were observed in this study (Figure
3.7¢). Gaspar et al. (2005) using 2.5% NaOH and Varga et al. (2002) 10% NaOH
concentrations (121°C, 60 min) observed almost 95% lignin reduction for corn fiber and
corn stover, respectively. In this study, slightly lower lignin reduction was observed
when samples were treated with 2% NaOH (75.3%, 90 min). The optimum treatment
condition was selected based on lignin removal and glucan avalibility of the samples;
the 4% NaOH treated sample at 90 min had the highest glucan to lignin ratio (4.30%).

As expected, the results in this study showed that higher pretreatment concentrations
and times removed more material from the structure. In general, regarding treatment
times and concentrations, more material was removed at 30 to 60 min. and less at 60 to
90 min., and more from 0.5 to 2% concentrations and less from 2 to 4% concentrations,

respectively.

Dilute acids degrade hemicelluloses and release monomeric sugars while solving the

oligomers of the cell wall matrix. This treatment increases the porosity of the structure
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and that is expected to result in efficient enzymatic digestibility (McMillan 1994).
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Figure 3.8. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction in
sulfuric acid pretreated samples as a function of residence time and concentration (SE
CS: steam exploded corn stalks).

The glucan and xylan solubilization and lignin reduction of the sulfuric acid
pretreatment of corn stalks are shown in Figure 3.8a-c, respectively. The solids

recovered after pretreatment are presented in Table 3.7. Results showed that higher
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residency times and acid concentrations lowered the recovered solids.

The glucan content in the pretreated stalks was more when the acid concentrations and
residence times were higher. Depending on the times and concentrations, the glucan
contents ranged from 42.5% (0.5%, 90 min) to 54.0% (4%, 60 min). Compared to the
steam exploded feedstock, up to 92.3% of the glucan was conserved when samples were
treated with 4% acid for 60 min (Figure 3.8a).

The xylan content in treated samples ranged from 9.11% (4%, 90 min) to 18.5% (2%,
60 min). The acid concentration had a significant effect on xylan solubility and 71.7%
of xylan was removed when stalks were treated with 4% H,SO, for 90 min (Figure
3.8b). Xylan, a heterogeneous cell wall component, was more liable to be removed from
the structure compared to glucan, a crystalline polymer (McMillan 1994). Comparable
findings have also been reported in other studies: 77% and 80% of xylan reductions
were reported by Schell et al. (2003) for corn stover (1.35%, 190°C, 60 min) and by
Grohmann et al. (1985) (0.5%, 140°C, 60 min) for wheat straw, respectively.

The lignin content of H,SO, pretreated stalks varied from 35.2% (0.5% at 30 min) to
42.2% (4%, 90 min). Lignin reduction was found to be up to 21.7% (0.5%, 30 min)
(Figure 3.8c). Our results were comparable to other findings,and Silverstein et al.
(2007) observed 24.2% (2%, 121°C, 90 min) for cotton stalks and Chen and Sharma-
Shivappa (2007) detected as much as 20% (2%, 121°C, 60 min) lignin reduction for
barley straw, triticale straw and wheat straw. The optimum glucan to lignin ratio
(1.36%) was observed when the sample was treated with 4% H,SO, for 60 min and this

sample was further processed with enzymes.

H,0,, by oxidizing and reducing the lignin, improves enzymatic digestibility and is a
selective bleaching agent (Rabelo et al. 2011). The glucan and xylan solubilization and
lignin reduction of H,O, pretreated samples are shown in Figure 3.9a-c. The solids

recovered after pretreatment are shown in Table 3.7.

The recovered glucan after treatment varied from 45.1% (2% H,0O,, 60 min) to 51.0%
(4% H,0, , 90 min). The dissolved glucan varied from 8.30% (0.5%, 30 min) to 16.9%
(0.5%, 90 min) (Figure 3.9a). Silverstein et al. (2007) observed 29.1% (2%, 121°C, 30

min) glucan solubility for cotton stalks. In this present study, a significantly lower
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glucan solubilization of 16.6% was observed for similar treatment conditions.
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Figure 3.9. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction in
hydrogen peroxide pretreated samples as a function of residence time and concentration
(SE CS: steam exploded corn stalks).

The xylan recovered from solids was of 18.6% (4% H,0,, 90 min) and 21.7% (2%
H,0,, 30 min) and the solubilization of xylan was between 17.5% (2% H,0,, 60 min)
and 34.4% (0.5% H,0,, 30 min) (Figure 3.9b). Similar to our findings in this study,
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Silverstein et al. (2007) reported 30.6% xylan solubilization (2% H,O,, 121°C, 30 min)

for cotton stalks.

An increase in concentration and residence time resulted in more lignin reduction and
up to 39.1% (4%, 90 min) of lignin was removed from the structure (Figure 3.9c). Other
studies have shown different lignin reductions; Azzam (1989) and Sun et al. (2005b)
reported 50% (2%, 30°C, 8 h) lignin reduction for sugarcane bagasse and more than
80% (2%, 50°C, 5 h) reduction for wheat straw. It seems that higher lignin reduction in
samples could be possible with intensive treatment conditions. Samples pretreated with
4% H,0; for 90 min had the highest glucan to lignin ratio (1.60%) and this sample was
further enzymatically hydrolyzed in this study.

NaBH, is a bleaching agent, and in addition is used as an additive to improve the
pulping selectivity (Copur and Tozluoglu 2007). Figure 3.10a-c show the glucan and
xylan solubilization and lignin reduction of NaBH, pretreated samples. The solids
recovered after pretreatment are presented in Table 3.7. Higher residence time and

treatment concentrations resulted in lower solid recovery.

Treated solids consisted of varying amounts of glucan. Results showed samples had
preserved as much as 60.2% of glucan when they were treated at 4% concentrations for
90 min. The highest glucan solubility (18.9%) was observed when stalks were treated at

2% concentrations for 30 min (Figure 3.10a).

The xylan content of pretreated solids ranged from 16.1% (4%, 30 min) to 19.0%
(0.5%, 30 min) and the xylan solubilization was 32.5% (0.5% NaBH,4, 30 min) and
49.4% (4% NaBH,, 90 min) (Figure 3.10Db).

Compared with untreated material, the total lignin content decreased significantly when
samples were treated with NaBH,4. The lowest lignin content (18.5%) was observed
when samples were treated at 4% concentration for 90 min. Results showed that
treatment with NaBH, significantly decreased the lignin content of the stalks; up to
62.2% of lignin removal was observed when samples were treated at 4% concentratios
for 90 min (Figure 3.10c). The optimum glucan to lignin ratio was found to be 3.26%
for the treatment condition of 4% NaBH,4 (121°C, 90 min) and this sample was selected

for further enzymatic hydrolysis.
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Figure 3.10. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction
in sodium borohydrate pretreated samples as a function of residence time and
concentration (SE CS: steam exploded corn stalks).

3.2.3. Enzymatic Hydrolysis

The selected samples for enzymatic hydrolysis regarding the glucan to lignin ratio were
of 4% NaOH (90 min), 4% H,SO4 (60 min), 4% H,0, (90 min) and 4% NaBH, (90

min). Samples were enzymatically processed up to 72 h. Sugar analyses on
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periodically taken samples were measured in the supernatant liquid, and the percentages
of glucose and xylose were determined for the samples. Results showed that glucose
and xylose were the predominant monosaccharides in the hydrolysates. This indicated
that both cellulose and hemicellulose were degraded simultaneously during hydrolysis.

The concentration of arabinose was below the detection limit and was not reported in

this study.
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Figure 3.11. Glucan and xylan conversions after enzymatic hydrolysis (UCS: untreated
corn stalks, SE CS: steam exploded corn stalks).

The glucan conversion for each hydrolysis treatment is depicted graphically in Figure
3.11. Results showed that stalks pretreated with NaOH (83.9%) and NaBH, (82.4%) had
similar glucan conversions. The lowest glucan conversion was observed with H,SO,4
(56.6%). Statistical results showed that the mean glucan conversion for all samples was
statistically significant (p<0.001). The variation of glucan conversions could be
explained by the lignin content of the samples after chemical pretreatment. Results

showed that NaOH and NaBH;-treated samples, having 11.6% and 18.5% lignin
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respectively in their structure, resulted in the highest glucan conversions. The lowest
glucan conversion, observed for H,SO4, had 39.7% of lignin. Compared to NaOH, the
H»SO4-treated stalk had almost 3.42 times more lignin and resulted in 1.48 times lower
glucan conversion. Raw corn stalks had 1.50 times more lignin compared to xylan, and
this also indicated that removal of lignin from the structure was more crucial than xylan
removal. Similar findings have also been published (Lu et al. 2002) and Yang and
Wyman (2004) explained that condensed lignin could adsorb protein from aqueous
solutions, and that lignin removal may improve the hydrolysis performance. Thus,
removal of both lignin and xylan from the structure before enzymatic hydrolysis is
important, but removal of lignin seems to be much more crucial for efficient glucan

conversion.

Although xylanase was not utilized in this study, a significant amount of xylose was
detected in the hydrolyzates (Figure 3.11). Duarte et al. (2004) reported that the
Celluclast 1.5 L utilized in this study had g-xylanase (100 U/g) and S-xylosidase (0.53
U/g) activities of xylose. Samples treated with NaOH (69.9%) and NaBH, (69.2%) had
higher xylan to xylose conversions compared to those treated with H,O, and H,SO,.
Differences in mean xylan conversion for all treatments were found to be statistically
significant (p<0.001). Results showed that chemical pretreatment diminished the
hemicellulose (mainly xylan) in the samples and it could be considered that the
xylanolytic activity in the Celluclast 1.5 L and cellobiase utilized in this study was high

enough to hydrolyze the xylan in the structure of the stalks.

3.2.4. Fermentation of Hydrolyzates

The fermentation performance of S. cerevisiae in treated hydrolysates is shown in Table
3.10. In this study, the maximum theoretical ethanol yield of 72.5% (97.4 g ethanol/kg
corn stalks) was found for corn stalks pretreated with 4% NaBH, for 90 min (Figure
3.12). The theoretical ethanol yields of 85% (for corn fiber) and 93% (for corn stover)
was observed by Sedlak and Ho. (2004) The slightly lower ethanol yield in this study
may be due to the raw material characteristics of the geographic location, cultivars,
harvest time, various parts of samples, etc. Chemical treatment may result in the by-
product formation of furfural, HMF and phenolic compounds which could inhibit the
sugar fermentation of yeasts (Bjerre et al. 1996). By-products in the hydrolyzates were

not detected due to their low concentrations in the samples. Sodium azide was used to
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prevent microbial contamination and it may also have reduced the yeast activity (Fales
1953). In our study, results showed that, compared to untreated samples, chemically
pretreated samples improved the ethanol yields.

m Ethanol yield, % theoretical —=—Ethanol yield, g/100g

75 1 _

= =
T 70 - 10§
s Lo E
5 65 z
o s
= -8 =
o0

%5 60 - ]
= 4 =]
5 55 )
] "5 3
> ]
< 50 Ls =
2 =z
o Q
S 45 L4 g
Wl =
fir]

40 - 3
cs cs cs cs
%4 NaOH | %4 H2504 | %4 H202 | %4 NaBH4
ucs SECS 90min 60min 90min 90min

Figure 3.12. Ethanol yield (percent of theoretical and g/100g raw material) (UCS:
untreated corn stalks, SE CS: steam exploded corn stalks).
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Table 3.10. Glucose, xylose and ethanol concentrations during fermentation with S. cerevisiae in untreated and pretreated stalks

Pretreatment 0h 6h 24.h 48 h 72h
conditions Glucose  Xylose Ethanol | Glucose  Xylose Ethanol | Glucose  Xylose Ethanol | Glucose  Xylose Ethanol | Glucose  Xylose Ethanol
g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l

ucs” 7.17+£0.41 3.08+0.16 0.47+0.02 5.80+0.28 2.87+0.16 2.13+0.10 2.35+0.08 1.97+0.11 2.23+0.13 1.50+0.07 1.55+0.11 2.24+0.13 1.00+£0.02 1.42+0.08 2.26+0.12

SE CS 9.56+£0.04 4.14+0.02 0.67+£0.06 7.43+0.07 3.83+0.01 3.22+0.06 3.03£0.02 2.62+0.02 3.27+£0.05 1.96+0.03 2.02+0.02 3.36+0.03 1.26+0.02 1.93+0.05 3.39+0.01
0

EC):OSrr/l(:Lnl NaOH 18.4+0.23 2.90+0.00 1.35£0.07 13.9£0.02 2.63+0.03 6.51+0.19 5.64+0.01 1.77£0.01 6.66+0.01 3.35+0.10 1.38+0.02 6.71+£0.00 2.16+£0.09 1.33+£0.00 6.80+0.09
0

gosnﬁﬁ H2S04 13.4+1.13 2.93+0.11 0.97+0.06 10.4+0.81 2.73+0.12 4.24+0.27 4.38+0.42 1.84+0.07 4.32+0.36 2.60+0.12 1.43+0.01 4.34+0.33 1.84+0.20 1.37+0.02 4.37+0.30
0

Ec):()srr/l(:ﬁ Hz0, 16.7£0.13 4.55+0.35 1.19+£0.01 13.1£0.06 4.23+0.33 5.41+0.18 5.53+0.09 2.83+0.22 5.68+0.19 3.26+0.07 2.21+0.14 5.72+0.14 2.01+0.02 2.09+0.16 5.76+0.13
0

Ec):()srr/l(:ﬁ NaBH, 21.8£0.08 5.27+0.09 1.67+£0.07 16.4+0.24 4.794+0.10 7.70+£0.03 6.57+0.12 3.22+0.03 7.84+0.01 3.90+0.04 2.53+0.04 8.03+£0.04 2.41+0.03 2.42+0.04 8.07+0.03

*UCS: untreated corn stalks, SE CS: steam exploded corn stalks.
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3.3. CHAPTER 3: HAZELNUT HUSK
3.3.1. Composition of Hazelnut Husk

The chemical composition of the raw hazelnut husks used in this study is presented in
Table 3.11. HPLC results showed that the sugar fraction of the material was 44.2% of
the dry biomass. Glucan, the major cell wall component, made up 24.2% of the
material. Xylan, the major hemicellulose constituent found in the structure, was 16.8%.
Arabinan accounted for only 3.15% of the biomass. Mannan and galactan were not
detected in this study. The holocellulose fraction, determined by the method of Wise
(1952), was 41.1+£0.10% of the total biomass. The lignin content was observed to be
39.0%.

Compared to wheat straw and hard/softwood, the husks had relatively lower
carbohydrate content (Table 3.11). The lignin content of the husks was higher compared
to wheat straw, hard/softwood and herbaceous species (10-20%) (McMillan 1994). On
the other hand, the hazelnut husks had higher solubility values (Table 3.11).

Table 3.11. Chemical composition of raw and steam exploded hazelnut husk (current)
and wheat straw (Copur et al. 2012).

Component Raw husk,  Steam exploded Wheat Hardwoods Softwoods
(%) husk, (%)" straw, (Fengel and (Fengel and
(%) Wegener, 1984) Wegener, 1984)

Total sugar 44.2 45.4 58.1

Glucan 24.2+1.27 25.3+1.25 36.6

Xylan 16.8+1.79 17.7+0.79 19.7

Arabinan 3.15+0.44 2.36+0.79 3.63
Holocellulose 41.1£0.10 29.8+0.39 68.9 70-78 63-70
Acid-insoluble lignin 38.6+1.81 36.8+1.09 34.0
Acid-soluble lignin 0.37+0.05 0.55+0.02 1.22
Total lignin 39.0 37.4 35.2 30-35 25-35
Alcohol-benzene solubility  16.9+0.40 21.0+0.60 3.66 2-6 2-8
Hot water solubility 29.4+0.00 - 13.0 2-7 3-6
Cold water solubility 23.9+0.09 - 9.30 4-6 2-3
1% NaOH solubility 62.8+0.20 - 455 14-20 9-16
Ash 5.43+0.04 5.92+0.00 10.1

*
Percentages are dry-weight basis and values are average of triplicate measurements.

In our earlier work (Copur et al. 2007), the slightly higher holocellulose (55.1%) and
lower lignin (35.1%) content of the husks could be explained by the growing location,
stage of harvest, harvesting methods, analysis procedures, etc. The chemical
composition of the husks and higher lignin in the structure indicated that the process

should be optimized to improve the hydrolysis efficiency in converting almost all sugars
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to ethanol in order to increase the production yield. Therefore, in this study, samples

were first steam exploded and then chemically pretreated.
3.3.2. Effects of Pretreatments
Steam Explosion

The yield after SE was found to be 90.5% (w/w). As can be noted, the glucose
proportion (25.3%) after SE increased in relation to the untreated material (24.2%). This
increase could be due to the solubilization of hemicelluloses and removal of other
materials from the husk structure. Chen et al. (2011) observed similar results and the
glucose content (34.5%) of rice straw was increased up to 46.9% when the material was
steam exploded at 180°C for 20 min. After SE, 95.5% of the glucose remained in the
solid fraction. SE removed 4.57% of xylan and 13.3% of lignin from the structure. On
the other hand, results indicated that the glucan, xylan and lignin contents of untreated
and steam exploded samples were statistically significant (p<0.001).

Martin et al. (2008) found 60% of xylan solubilization and 35% lignin reduction with
sugarcane bagasse steam exploded at 205°C for 10 min. In addition, Jeoh and Agblevor
(2001) reported complete solubilization of mannan, galactan, and arabinan, and
considerably higher xylan removal compared to glucose for cotton gin wastes steam
exploded at 185-238°C for 20-265 seconds. It could be concluded that denser SE
conditions remove almost all hemicelluloses from the biomass structure. Consequently,
the mild SE conditions applied in this study degraded less glucose, and almost all
glucose fractions remained in the husk structure. These mild conditions removed
moderate amounts of hemicelluloses, and the holocellulose content of the material was
29.8% after SE (Table 3.11).

Chemical Pretreatments

The solids recovered after chemical pretreatments are presented in Table 3.12. Lower
yields after pretreatment could be explained mainly by the removal of lignin,
hemicellulose and other solubles from the structure. Samples treated with 0.5% NaBH,
for 30 min resulted in the highest solid recovery (81.7%). On the other hand, those
treated with 4% NaOH for 90 min gave the lowest solid recovery (64.0%). Factors of

chemicals (4 different), times (3 different) and concentrations (3 different) and their
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interactions on glucan and xylan solubility and lignin reduction are shown in Table 3.13
and Table 3.14.

Table 3.12. Solids recovery after pretreatments.

Solids recovered after chemical pretreatments (%)*°
Time (min.), Conc. (%) Sulfuric acid Sodium hydroxide Hydrogen peroxide Sodium borohydrate

30, 0.5 79.1+0.26 67.5+0.28 66.0+0.86 81.7+0.64
30, 2 77.9+0.23 68.7+0.27 63.2+0.06 71.7+0.31
30, 4 77.9£0.39 65.1+0.39 63.3+0.44 69.6+0.43
60, 0.5 74.1+0.27 71.7£0.15 75.6+0.47 72.2+0.52
60, 2 73.6+0.22 71.9+0.42 76.2+0.27 71.5+0.47
60, 4 73.8+0.46 71.7£0.36 75.3£0.24 69.9+0.55
90, 0.5 74.9£0.77 69.1+0.30 76.4+0.16 74.9+0.52
90, 2 73.6+0.15 68.2+0.26 72.0+0.72 69.2+0.71
90, 4 66.9+0.99 64.0+0.97 68.7+0.50 68.8+0.30

# Percentages calculated from value on a dry-weight basis. ® Data are averages of three replicates.

Table 3.13. Interactions between chemicals, time and concentrations on glucan, xylan

and lignin.
Source Type Il Sum of Squares df Mean Square F P
Chemical 87.7 3 292 188 *
S [Time 16.5 2 825 532  **
= § Concentration 25.3 2 127 8.17  **
S = | Chemical * Time 47.9 6 7.99 515 **
o § Chemical * Concentration 61.8 6 10.3 6.64 *
& | Time * Concentration 35.3 4 8.83 5.69 el
Chemical * Time * Concentration 18.1 12 151 0.97 NS
Chemical 1124 3 375 65.7 *
S [ Time 6.85 2 342 6.00 **
< § Concentration 38.6 2 193 338 *
=.= | Chemical * Time 35.2 6 5.86 10.3 *
X S | Chemical * Concentration 24.9 6 4.15 721 *
& | Time * Concentration 14.4 4 3.61 6.33 *x
Chemical * Time * Concentration 18.0 12 1.50 2.63 falieiad
< | Chemical 2575.3 3 8584 1415.0 *
2 |Time 15.2 2 762 126 *
é Concentration 18.4 2 920 152 *
© | Chemical * Time 154.9 6 25.8 42.6 *
.S | Chemical * Concentration 119.6 6 199 329 *
.5” Time * Concentration 2.08 4 052 0.86 NS
Chemical * Time * Concentration 19.1 12 1.59 2.63 faieiad

P Significance level. * Significant at 0.001 for ANOVA. ™ Significant at 0.01 for ANOVA. "™ Significant at 0.05 for ANOVA. "
None significant for ANOVA.

NaOH disrupts H-bonds in cellulose and hemicellulose, breaks ester linkages between
lignin and xylan, and deprotonates phenolic lignin groups (Sun et al. 2005a, Simpson et
al. 2003, Akin et al. 1992). It causes the cellulose to swell and dissolves some
hemicelluloses and lignin (Chen and Sharma-Shivappa 2007). Chemically treated
samples indicated that higher residency times and alkali concentrations resulted in

higher solid loss (Table 3.12). The glucan content of treated solids ranged from 27.1%
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(0.5%, 60 min) to 33.3% (2%, 90 min). The highest glucan solubility (23.9%) was
observed when the sample was treated at 0.5% NaOH for 60 min (Figure 3.13a). An
almost similar amount of glucan solubility was observed by Silverstein et al. (2007),
who reported nearly 21.0% of solubilization for cotton stalks pretreated with 2% NaOH
at 121°C for 60 min. On the other hand, lower glucan solubility was reported by Wang
et al. (2010) who observed 2.03-9.77% of solubilizations for bermuda grass pretreated
with 0.5-3% NaOH at 121°C for 15-90 min. This indicates that raw material and
pretreatment conditions affect the glucan solubility.

Table 3.14. Effects of chemicals, time and concentrations on glucan, xylan and lignin.

Factor Treatment  Glucan (%) Xylan (%) Lignin (%)
NaOH 30.1a" 7.84a 35.9a
Chemical H,SO, 30.1a 9.90b 475b
H,0, 30.5a 11.3¢ 37.6¢c
NaBH, 27.7b 10.1b 31.1d
30 min 29.1a 10.2a 38.4a
Time 60 min 29.4a 9.42b 38.2a
90 min 30.2b 9.75 ab 37.4b
0.5% 29.3a 10.8a 385a
Concentration 2% 30.4b 9.56 b 38.2a
4% 29.0a 9.02¢ 37.3b

A Means within each column and factor followed by the same letter are not significantly different by Duncan test (p<0.05).

The xylan content of pretreated solids ranged from to 11.1% (0.5%, 90 min) to 5.81%
(4%, 60 min). Results showed that more severe pretreatment conditions dissolved more
xylan from the husk stucture (Figure 3.13b). This finding could be explained by the
nature of the hemicelluloses, which are amorphous, low molecular weight,
heterogeneous and branched polysaccharides. They are more susceptible to alkaline
attacks. Severe pretreatment conditions lead to lower xylose yields due to the greater
solubilization during the processes. The NaOH pretreatment dissolved 56.6% (0.5%, 90
min) to 77.9% (4%, 90 min) of xylan from the husk structure. Among chemical
pretreatment methods, NaOH resulted in the highest xylan solubility (Figure 3.13b).
Therefore, solubilization of xylan in conjuction with lignin reduction is expected to
improve the following enzymatic hydrolysis. The xylan solubility obtained in this study
was comparable with that obtained by Wang et al. (2010), who reported 60.5% xylan
solubilization in bermuda grass (3% NaOH/121°C/90 min).
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Figure 3.13. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction
in sodium hydroxide pretreated samples as a function of residence time and
concentration (SE HH: steam exploded hazelnut husk).

On the other hand, slightly lower xylan solubility values were reported by Chen and
Sharma-Shivappa (2007) for barley straw (40%), triticale straw (35%) and wheat straw
(35%) using 2% NaOH at 121°C for 60 min. Results showed that NaOH pretreatment
removed more xylan compared to glucan; this could be explained by the vulnerablity of

hemicelluloses to the chemicals (Schmidt and Thomsen 1998).
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Lignin is a three-dimensional, complex aromatic polymer which forms a sheath
surrounding cellulose and hemicellulose and stiffens and holds the fibers together (Fan
et al. 1987). This limits the accessibility of carbohydrates to hydrolytic enzymes and its
removal from the structure is crucial to improve the digestibility of biomass. Results of
this study showed that the NaOH pretreatment was highly effective in removing lignin
from the husk structure. The amount of total lignin in the solids after NaOH
pretreatment ranged from 36.8% (0.5%, 30 min) to 33.6% (4%, 90 min). Increase in
alkali concentrations from 0.5 to 4% resulted in higher lignin reductions of 28.8% (2%,
60 min) to 42.5% (4%, 90 min) (Figure 3.13c). Therefore, results indicated that the
major solid loss during NaOH pretreatment was due to the delignification and xylan
degradation of the hazelnut husks. Much higher lignin removal was reported by Gaspar
et al. (2005) and Wang et al. (2010). They obtained 95% lignin reduction in corn fiber at
121°C for 60 min with 2.5% NaOH and up to 86% reduction of lignin in bermuda grass
treated with 3% NaOH at 121°C for 90 min, respectively. Varga et al. (2002) observed
almost 95% lignin reduction by treating corn stover with 10% NaOH for 1 h. The high
reduction levels may be attributed to the higher NaOH concentration of 10%. On the
other hand, the NaOH concentration was limited to 4% in this study. The optimum
pretreatment condition of NaOH for the following enzymatic hydrolysis was determined
based on the ratio of the glucan and lignin left in the solid material. The optimum ratio
was 0.99% when the sample was treated with 2% NaOH for 90 min. This indicated a
selective delignification of NaOH when the results were compared to the steam-

exploded material with a ratio of 0.68%.

In high temperatures, pretreatment with dilute acids hydrolizes the hemicelluloses by
releasing monomeric sugars and soluble oligomers from the cell wall matrix into the
hydrolyzate. Acid pretreatment is one of the most effective methods applied for
lignocellulosic biomass. Removing hemicelluloses increases the structure porosity and
therefore improves the enzymatic digestibility. Literature (McMillan 1994) indicates
that maximum enzymatic digestibility is obtained when all hemicellulose is removed

from the structure.
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Figure 3.14. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction
in sulfuric acid pretreated samples as a function of residence time and concentration (SE
HH: steam exploded hazelnut husk).

The results of H,SO, pretreatment of hazelnut husks for glucan and xylan solubilization
and lignin reduction, respectively, are shown in Figure 3.14a-c. The solid recovery after
pretreatment is presented in Table 3.12. The results indicate that elevated residency

times and acid concentrations lowered the recovered solids.
The glucan content of H,SO, pretreated husks increased as the acid concentrations and
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residence times were increased. The glucan content of the pretreated husks ranged from
28.1% (0.5%, 30 min) to 32.8% (4%, 60 min) when treated with 0.5 to 4% of H,SO,,
respectively. Compared with steam exploded husks, 78.0% and 93.2% of the glucan
was preserved when samples were treated at 0.5% (60 min) and 2% (90 min) of H,SO4
respectively (Figure 3.14a). Chen and Sharma-Shivappa (2007) reported 71.9, 92.8 and
76.8% (dry basis) of glucan preservation when samples were treated with 2.0% acid at
121°C for 60 min for barley, pearl millet and sweet sorghum hays, respectively. During
pretreatment, it is desirable for the cellulose portion of the biomass to be virtually
unaffected. However, during acid pretreatment of the hazelnut husks, a slightly higher

glucan reduction was observed in this study.

Xylan was the largest portion of hemicellulose in the untreated husks. The xylan content
in pretreated husks ranged from 8.27% (2%, 90 min) to 13.0% (0.5%, 30 min)
depending on the treatment conditions. Results showed that acid concentration had a
significant effect on xylan reduction and H,SO4 pretreatment dissolved up to 68.1%
(4%, 90 min) xylan from the husk structure (Figure 3.14b). The higher xylan dissolution
compared to glucan could be attributed to the fact that xylan is more labile due to its
heterogeneous, non-crystalline structure (McMillan 1994). Results from this study are
comparable to those obtained by Schell et al. (2003), who reported 77% xylan reduction
in corn stover treated at 190°C for 60 min with 1.35% acid, and Grohmann et al. (1985),
who reported more than 80% reduction of xylan in wheat straw which was treated with
dilute H,SO4 at 140°C for 1 h. In addition, Sun and Cheng (2005) found 66% xylan
reduction for rye straw treated with 1.5% acid at 121°C for 90 min, and 62% xylan

reduction in Bermuda grass treated with 1.5% acid at 121°C for 60 min.

Compared with untreated samples, dilute acid treatments resuted in an increase in the
total lignin content of the material due to the removal of carbonhydrates from the
structure. The lignin content of the samples varied from 42.2% (0.5% H,SQO,, 30 min) to
51.1% (4% H,SO4, 90 min) depending on the treatment conditions. On the other hand,
the dissolved lignin ranged from 1.67% to 10.5% (Figure 3.14c). The findings of this
study are comparable to Silverstein et al. (2007), who observed 24.2% lignin reduction
for cotton stalks treated with 2% H,SO,4 at 121°C for 90 min. In addition, Chen and
Sharma-Shivappa (2007) observed as much as 20% lignin reduction for barley straw,
triticale straw and wheat straw treated with 2% H»SO, at 121°C for 60 min. The highest
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glucan to lignin ratio of the treated samples was 0.67% (0.5% H,SO4, 30 min). The ratio
was similar to the steam-exploded sample (0.68%). This finding indicates that the
H,SO, treatment removed a similar amount of lignin as well as glucan from the
structure. Samples treated with 0.5% H»SO4 (30 min) were processed for further

enzymatic hydrolysis.

Alkaline H,O; is a well-known bleaching agent used in the paper industry. Its main
advantage is that it does not leave any residue (secondary products) in the material after
treatment as it is decomposed into oxygen and water (Rabelo et al. 2011). It loosens the
lignocellulosic matrix while oxidatively delignifying and dissolving the lignin, thus

improving the enzymatic digestibility (Martel and Gould 1990).

The glucan and xylan solubilization and lignin reduction of the H,O, treated samples
are shown in Figure 3.15a-c, respectively. The solids recovered after pretreatment are
presented in Table 3.12. The glucan in pretreated solids was up to 32.4% (0.5% H,O,,
30 min) and glucan solubilization was up to 27.6% (2% H,0,, 30 min) based on the
treatment conditions (Figure 3.15a). The xylan remaining in treated samples ranged
from 9.30% (4% H,0,, 60 min) to 13.5% (0.5% H,0,, 90 min) and the xylan
solubilization ranged from 41.8% (0.5% H,0,, 90 min) to 60.2% (4% H,0,, 60 min)
(Figure 3.15b). Results of this study are comparable to other findings; Silverstein et al.
(2007) observed 29.1% glucan and 30.6% xylan solubilization for cotton stalks when

samples were treated with 2% H,0; at 121°C for 30 min.

Increases in treatement concentration and residence time resulted in higher lignin
reductions, and up to 36.3% lignin reduction was observed when the sample was treated
with 4% H,0, for 90 min (Figure 3.15c¢). Results from this study are comparable to
those obtained by Azzam (1989) and Sun et al. (2005b), who reported 50% lignin
reduction in sugarcane bagasse at 30°C for 8 h with 2% alkaline H,O, and more than
80% reduction of lignin in wheat straw treated with 2% H,0, at 50°C for 5 h. Selig et
al. (2009) reported 78.6% lignin reduction for corn stover when the sample was treated
with 30 % H,0, at 65°C for 3 h. The extent of lignin reduction observed in this study
was comparatively lower and this finding could be due to the shorter treatment time that

may have limited the oxidative delignification.
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Figure 3.15. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction
in hydrogen peroxide pretreated samples as a function of residence time and
concentration (SE HH: steam exploded hazelnut husk).

Among H,0, treated samples, compared to steam exploded material (0.68%), the
highest glucan to lignin ratio was 0.89% when the sample was treated with 2% H,0O, for
90 min; this sample was further used for enzymatic hydrolysis. Results indicated that

H,0, removed much more lignin compared to carbohydrates from the structure.
NaBH, is an additive that improves the pulping selectivity of conventional kraft
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pulping. It reacts as a catalyst in pulping operations and results in selective
delignification (Copur and Tozluoglu 2007). It improves the pulping yield by
preventing carbohydrate degradations (Hoije et al. 2005). Literature has very limited
information on NaBH, utilized as a pretreatment chemical in bioethanol production. In
our earlier study, the effect of NaBH, on wheat straw was studied (Copur et al. 2012)

and results showed that it is as effective as NaOH as a pretreatment chemical.

The glucan and xylan solubilization and lignin reduction during NaBH, treatment of
hazelnut husks are displayed in Figure 3.16a-c, respectively. The solids recovered after
treatment are presented in Table 3.12. Results showed that elevated residency times and

treatment concentrations diminished the recovered solids.

The glucan content of NaBH,-treated husks ranged from 25.1% (4%, 30 min) to 31.2%
(2%, 60 min) and the glucan solubilization was found to be as much as 31.6% (4%, 30
min) (Figure 3.16a). The xylan content of NaBHj- treated husks ranged from 8.60%
(4%, 30 min) to 11.4% (2%, 60 min) and xylan solubilization ranged from 51.9%
(0.5%, 90 min) to 66.2% (4%, 30 min) (Figure 3.16b). Results indicated that NaBH,
treated husks removed as much xylan as NaOH. The unexpectedly higher carbohydrate

solubitiy of NaBH, treatments could be due to the raw material characteristics.

The lignin content of the samples ranged from 35.6% (0.5% NaBH,, 30 min) to 27.6%
(4% NaBH,, 90 min). Results showed that the NaBH, treatment significantly decreased
the lignin content and up to 49.1% of lignin was removed when the sample was treated
with 4% NaBH, for 90 min (Figure 3.16c¢). The higher removal results of the NaBH,4
treatment was obvious compared to results using NaOH (42.5%) under the same

treatment conditions.

The glucan to lignin ratio of steam exploded samples was 0.68%, and the highest ratio
of 0.99% was observed when the sample was treated with 2% NaBH, for 60 min. The
results were the same as the sample treated with 2% NaOH (90 min). Consequently this

sample was further processed for enzymatic hydrolysis.
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Figure 3.16. (a) glucan solubilization, (b) xylan solubilization and (c) lignin reduction
in sodium borohydrate pretreated samples as a function of residence time and
concentration (SE HH: steam exploded hazelnut husk).

3.3.3. Enzymatic Hydrolysis

The selected samples based on the highest glucan to lignin ratio (2% NaOH, 90 min;
0.5% H,SO4, 30 min; 2% H,0,, 90 min; and 2% NaBH,60 min) were further
enzymatically hydrolysed in this study. Results showed that glucose and xylose were

the predominant monosaccharides in enzymatic hydrolysates, indicating simultaneous
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degradation of cellulose and hemicellulose during the hydrolysis process. The
concentrations of arabinose and galactose were below the detection limit and were not

reported in this study.
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Figure 3.17. Glucan and xylan conversions after enzymatic hydrolysis (UHH: untreated
hazelnut husk, SE HH: steam exploded hazelnut husk).

The glucan conversion of each hydrolysis treatment is shown in Figure 3.17. The NaOH
treatment had the highest glucan conversion of 74.4%, which was followed by NaBH,4
(61.8%), H,O, (58.8%) and H,SO, (54.3%). Differences in mean glucan conversion for
all treated samples were found to be statistically significant (p<0.001). A higher glucan
conversion of 91.7% was reported by Wang et al. (2010) when bermuda grass treated
with 3% NaOH at 121°C for 15 min was hydrolyzed by cellulase (NS50013 cellulase
complex) and cellobiase (NS50010 p-glucosidase). The lower glucan conversion in this
study could be due to the specific characteristics of the hazelnut husks utilized in this
study. The lignin and xylan contents of the samples could be the main factor. The
H,SO, treated samples had the highest lignin content (42.2%) and the NaBH, treated
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samples had the lowest lignin content (31.4%). Consequently, the H,SO, treated
samples had 1.25 times more lignin compared to the NaBH, treated samples. Therefore,
the glucan conversion of the H,SO, treated samples was 1.40 times lower compared to
the NaBH,-treated samples. On the other hand, the H,SO, treated samples had the
highest xylan content (13.0%) and the NaOH-treated samples had the lowest xylan
content (6.11%). The H,SO, treated samples had 2.13 times higher xylan in the
structure and the glucan conversion of the H,SO, treated samples was 1.37 times lower
compared to the NaOH-treated samples. This indicated that both lignin and xylan
removal had a significant effect on the enzymatic digestibility of the hazelnut husks.
Similar findings were reported earlier by Lu et al. (2002) and Yang and Wyman (2004)
found that the effect of lignin on hydrolysis was due to protein adsorption of lignin in

aqueous solutions.

Even when no xylanase was added to the enzyme combination in this study, a
significant amount of xylose was detected in the hydrolyzates (Figure 3.17). Duarte et
al. (2004) reported that Celluclast 1.5 L had p-xylanase and fS-xylosidase activities.
Therefore, the enzyme combination used in this study reduced the xylan in the hazelnut
structure. The NaBH, treated sample had the highest xylan conversion (41.9%), whereas
NaOH gave the lowest (40.5%). Statistical data indicated that differences in mean xylan
conversions for all treatments were statistically significant (p<0.01). A lower xylan
conversion of 37.6% was reported by Wang et al. (2010) when bermuda grass was
treated with 3% NaOH at 121°C for 15 min.

3.3.4. Fermentation of Hydrolyzates

Arslan and Saracoglu (2010) studied hazelnut shells and reported 44.9 % of theoretical
ethanol yield when they used Pichia stipitis in fermentation. The shells had a much
higher lignin and lower glucose content compared to hazelnut husks. Therefore, the
ethanol yields obtained in this study were much higher compared to hazelnut shells, and
this showed the effect of feedstock content. It could be stated that SE and chemical
treatments improved the fermentability of hazelnut husks. The fermentation
performance of S. cerevisiae in treated hydrolysates is compared in Table 3.15. In this
study, the highest ethanol concentration (4.26 g/L) was observed when the husks were
treated with 2% NaOH for 90 min. The highest ethanol yield (52.6 g/kg husks) was

observed for samples treated with 2% NaOH for 90 min. This corresponds to a
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maximum theoretical amount of 76.7% ethanol (Figure 3.18).
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Table 3.15. Glucose, xylose and ethanol concentrations during fermentation with S. cerevisiae in untreated and pretreated husk

Pretreatment Oh 6h 24 h 48 h 72 h
conditions Glucose  Xylose Ethanol | Glucose  Xylose Ethanol | Glucose  Xylose Ethanol | Glucose  Xylose Ethanol | Glucose  Xylose Ethanol
g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l

UHH™ 3.13£0.05 1.67+0.03 0.14+0.02 2.67+£0.04 1.63+0.04 1.10+£0.03 0.83+£0.02 0.96+0.02 1.13+0.02 0.47+0.01 0.75+£0.02 1.15+£0.01 0.33+£0.03 0.74+0.01 1.16+0.02

SE HH 5.65+£0.02 2.58+0.01 0.29+0.01 4.75+0.03 2.49+0.02 2.02+0.01 1.45+0.02 1.46+0.01 2.04+0.01 0.80+0.02 1.16+0.00 2.07+0.03 0.49+0.01 1.14+0.00 2.09+0.01
0

gon/ionz NaOH 10.9+£0.01 1.28+0.10 0.56+0.01 9.02+0.02 1.21+0.09 4.03+0.02 2.63+0.04 0.71+0.05 4.07+0.09 1.26x0.07 0.58+0.04 4.18+0.04 0.83+0.04 0.56+0.04 4.26+0.01
0

?OHm/ior?.S HzS0, 6.71£0.25 2.31+0.11 0.33+0.01 5.65+£0.19 2.21+£0.1 2.35+0.09 1.68+0.06 1.28+0.05 2.42+0.09 0.95+0.05 1.04+0.05 2.46+0.07 0.55+0.02 1.02+0.05 2.48+0.09
0

SOHm/ionz H:0, 8.15£0.06 1.42+0.12 0.41+0.00 6.82+0.01 1.36+0.11 2.98+0.02 2.01+£0.02 0.79+0.06 3.04+0.03 1.09+0.01 0.64+0.05 3.07+0.04 0.64+0.00 0.62+0.05 3.09+0.02
0

EOHm/ionZ NaBH, 8.49+0.32 2.08+0.12 0.45+0.03 6.96+0.24 1.95+0.12 3.18+0.07 1.95+0.06 1.13+0.06 3.27+0.07 0.93+0.02 0.94+0.05 3.38+0.13 0.59+0.03 0.92+0.05 3.43+0.18

*UHH: untreated hazelnut husk, SE HH: steam exploded hazelnut husk.
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3.4. CHAPTER 4: EFFECTS OF PRETREATMENT CHEMICALS

The effects of pretreatement chemicals were briefly discussed in this chapter. The
highest glucan solubility was found when H,SO, was used in the pretreatment of wheat
straw, but the NaOH pretreatment gave the highest glucan solubility for corn stalks. In
addition, there was substantial solubilization of glucan during the NaBH, pretreatment
of hazelnut husks. The direct exposure of free husk fibers to the pretreatment chemical
probably contributed to the higher percentages of glucan solubilization, and the
unexpected glucan removal of NaBH, could be due to the characteristics of the husks.

The highest xylan solubility was observed when all raw materials were treated with
NaOH. Therefore, the most substantial effect of the H,SO, pretreatment on the
feedstocks was the solubilization of xylan. The H,O, pretreatment resulted in lower
xylan solubilization than expected. There was a linearly increasing relationship between

the solubilization of xylan and pretreatment severity.

In general, NaBH,-treated raw materials had the lowest lignin contents. The most
substantial effect of the NaOH pretreatment was delignification. There was a linearly
increasing relationship between lignin reduction and pretreatment severity. On the other
hand, the lowest lignin reductions were observed in the H,SO4-treated samples. The
H,0, pretreatment also resulted in lower lignin solubilization than expected. This was
probably due to the decomposition of H,O, into water at high temperatures. The NaOH
and NaBH, pretreatments were more effective at delignification than H,O,. For NaOH
and NaBH,, the concentration of the pretreatment chemicals had the most significant

effect on lignin reduction.

Results indicated that pretreatment with NaBH, was as effective as NaOH in terms of
removing xylan and lignin from the structure. The obtained data indicated that using
NaOH and NaBH, as pretreatment chemicals, compared to others, improved selective
delignification. Delignification appears to have more effect on enzyme digestibility than
xylan solubilization. The selective capability of NaBH, in delignification improved the
process yield and resulted in better enzymatic digestibility of wheat straw, corn stalks
and hazelnut husks in bioethanol production. The NaOH and NaBH, pretreatments of

raw materials resulted in significantly higher glucan conversions during enzymatic
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hydrolysis than the H,O, and H,SO, pretreatments.

It could be concluded that it is possible to utilize NaOH in the chemical pretreatment
step of raw materials like hazelnut husks, which have a high amount of lignin in the
structure. On the other hand, better enzymatic digestibility was observed when raw
materials like wheat straw and corn stalks, with low lignin content, were treated with

NaBH, in the chemical pretreatment step.
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4. CONCLUSIONS AND RECOMMENDATIONS

4.1. CONCLUSIONS

Bioethanol production from agricultural residues (wheat straw, corn stalks and hazelnut
husks) was investigated in this study. The materials were pretreated with steam and
chemicals and then enzymatically hydrolyzed and fermented. Due to the complex nature
of wheat straw, the material was first steam exploded; this process removed 16.7%
xylan and 5.86% lignin from wheat straw, but the glucan removed was observed to be
insignificant (1.60 %) . Among the chemically pretreated samples, the highest glucan
recovery (more than 90%) was observed when wheat straw was treated with NaBH,4. On
the other hand, the amount of lignin removed by NaBH, was almost 60%. Enzymatic
hydrolysis resulted in 87.8% and 83.3% glucan conversion when wheat straw was
pretreated with NaOH and NaBHo., respectively. The highest ethanol yield (115 g/kg)
was observed for the wheat straw sample pretreated with 4% NaBH, for 60 min and the
theoretical yield (86.9%) was also calculated to be highest for the sample.

SE removed 10.5% xylan, 10.6% lignin and a small amount of glucan (1.80%) from the
corn stalk structure. Among the chemically pretreated samples, the highest glucan
recovery was observed when corn stalks were treated with NaBH,4. More than 85% of
the glucan was preserved in the NaBHj,-treated samples. Pretreatment with NaOH and
NaBH, removed substantially more lignin from the corn stalk structure; this improved
the accessibility and, consequently, the digestibility of the glucan. The amount of lignin
removed from the structure by NaBH,; was similar to the amount removed by the
conventional chemical NaOH. The glucan conversions of NaOH and NaBH, were
found to be 83.9% and 82.9%, respectively. Results showed that the highest ethanol
yield (97.4g/kg) was observed when corn stalks were pretreated with 4% NaBH, for 90

min. The theoretical ethanol yield for the sample was 72.5%.

On the other hand, SE removed 4.57% xylan, 13.3% lignin and 4.50% glucan from the
hazelnut husk structure. Chemical treatments showed that NaOH dissolved the highest
amount of xylan. The highest glucan solubility and lignin reduction were observed
when NaBH,; was used in the chemical treatment. The lowest lignin reduction was

found when the husks were treated with H,SO,4. Conclusively, results indicated that
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NaOH and NaBH,4, compared to H,SO, and H,0O,, improved selective delignification.
NaBH, dissolved the most glucan, but also removed the most lignin from the structure.
The glucan to glucose conversions of NaOH and NaBH,4 were found to be 74.7% and
61.8%, respectively. Chemical treatment improved the selectivity, and the highest
ethanol yield was 52.6 g/kg when the husks were treated with 2% NaOH for 90 min.

The theoretical ethanol yield of the sample was found to be 76.7%.

When pretreatment chemicals were compared, using NaOH in the chemical
pretreatment step could be advantageous for raw materials like hazelnut husks, which
have a relatively higher lignin content in the structure. On the other hand, better
enzymatic digestibility could be possible when NaBH; is used in the chemical
pretreatment step for raw materials like wheat straw and corn stalks, which have a lower

lignin content in the structure.

4.2. FUTURE WORK

e Various commercial borate products and minerals like borax pentahydrate, borax,
sodium perborate, boric acid, colemanite and ulexite could be examined for bioethanol
production. They have been utilized as bleaching agents in the pulp and paper

industry.

e Using NaBH, in a variety of concentrations, temperatures and pressures should be
investigated in order to optimize the ethanol yield of raw materials with low and high

lignin contents.

e Enzymatic hydrolysis could be optimized to achieve efficient cellulose conversion,

based on the pretreatment parameters.

e Parameters of time, enzyme, and solid loadings could be examined to minimize the
processing costs by maximizing the glucose yield and optimizing enzymatic

hydrolysis..

e The economic feasibility of ethanol production from wheat straw, corn stalks and

hazelnut husks should be investigated, since it could not be addressed in this study.

105


http://www.greenfacts.org/glossary/abc/borate.htm
http://www.greenfacts.org/glossary/abc/borax.htm
http://www.greenfacts.org/glossary/pqrs/sodium-perborate.htm
http://www.greenfacts.org/glossary/abc/boric-acid.htm
http://www.greenfacts.org/glossary/abc/borate.htm
http://www.greenfacts.org/glossary/tuv/ulexite.htm

5. REFERENCES

Akin D.E., Hartley R.D., Rigsby L.L., Morrison W.H., Phenolic acids released from
bermudagrass (Cynodon dactylon) by sequential sodium hydroxide treatment in
relation to biodegradation of cell types, J. Sci. Food Agric., 58 (2) (1992) 207-214.

Allen S.G., Schulman D., Joseph L., Antal Jr. M.J., A comparison of aqueous and
dilute-acid single-temperature pretreatment of yellow poplar sawdust, Ind. Eng.
Chem. Res., 40 (10) (2001) 2352-2361.

Aminifarshidmehr N., The management of chronic suppurative otitis media with acid
media solution, Am. J. Otol., 17 (1) (1996) 24-25.

Ando S., Kakimoto T., Itoh K., Arai I., Kiyoto K., Hanai S., Increased digestibility of
cedar by pretreatment with peracetic acid and steam explosion, Biotechnol. Bioeng.,
31 (8) (1988) 802-804.

Anonymous, http://www.fao.org (Date Accessed: 12 August 2004a).

Anonymous, http://www.hut.fi/Units/Forestpc/studying/courses/150/150  prerequisites
/module2.html. (Date Accessed: 12 October, 2004b).

Anonymous, http://www.lignin.info/ 0laugdialogue.html (Date Accessed: 18 May
2005).

Anonymous, http://ncsungrantl.sdstate.org/uploads/publications/SGINC1-07.pdf (Date
Accessed: 09 June 2007).

Anonymous, http://www.dft.gov.uk (Date Accessed: 05 February 2010a).
Anonymous, http://www.konyaseker.com.tr (Date Accessed: 28 July 2010b).
Anonymous, http://www.tuik.gov.tr (Date Accessed: 25 March 2012a).
Anonymous, http://www.ftg.org.tr (Date Accessed: 10 April 2012b).
Anonymous, http://www.globetree.org (Date Accessed: 05 September 2012c¢).

Arin G., Demirbas A., Mathematical modeling the relations of pyrolytic products from
lignocellulosic materials, Energy Sources, 26 (11) (2004) 1023-1032.

Arslan Y., Saracoglu E.N., Effects of pretreatment methods for hazelnut shell

hydrolysate fermentation with Pichia stipitis to ethanol, Bioresour. Technol., 101

106


http://www.fao.org/
http://tr.bab.la/sozluk/ingilizce-turkce/date-accessed
http://www.hut.fi/Units/Forestpc/studying/courses/150/150_
http://tr.bab.la/sozluk/ingilizce-turkce/date-accessed
http://www.lignin.info/
http://tr.bab.la/sozluk/ingilizce-turkce/date-accessed
http://ncsungrant1.sdstate.org/uploads/publications/SGINC1-07.pdf
http://tr.bab.la/sozluk/ingilizce-turkce/date-accessed
http://tr.bab.la/sozluk/ingilizce-turkce/date-accessed
http://tr.bab.la/sozluk/ingilizce-turkce/date-accessed
http://tr.bab.la/sozluk/ingilizce-turkce/date-accessed
http://www.tuik.gov.tr/
http://tr.bab.la/sozluk/ingilizce-turkce/date-accessed
http://www.ftg.org.tr/
http://tr.bab.la/sozluk/ingilizce-turkce/date-accessed
http://www.globetree.org/jackyfoo/icibs/mansson/paper.htm
http://tr.bab.la/sozluk/ingilizce-turkce/date-accessed
http://www.ncbi.nlm.nih.gov/pubmed?term=Arslan%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20599381
http://www.ncbi.nlm.nih.gov/pubmed?term=Eken-Sara%C3%A7o%C4%9Flu%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20599381
http://www.ncbi.nlm.nih.gov/pubmed/20599381

(22) (2010) 8664-8670.

Asik M., Deymer J., Gulensoy H., Utilization of hazelnut shell, Chim. Acta. Turc., 5 (1)
(2977) 27-42.

Aspinall G.O., Chemistry of cell wall polysaccharides, The Biochemistry of Plants,
Academic Press, (1980) 473-500.

Atwell W.A., An overview of wheat development, cultivation and production, Cereal
Foods World, 46 (2) (2001) 59-62.

Azzam A.M., Pretreatment of cane bagasse with alkaline hydrogen peroxide for
enzymatic hydrolysis of cellulose and ethanol fermentation, J. Environ. Sci. Health,
B24 (4) (1989) 421-433.

Bachmann S.L., McCarthy A.J., Purification and cooperative activity of enzymes
constituting the xylan-degrading system of Thermomonospora fusca, Appl. Environ.
Microbiol., 57 (8) (1991) 2121-2130.

Badger PC., Ethanol from cellulose: A general review, Trends in new crops and new
uses, Eds: J. Janick, A. Whipkey, V.A. Alexandria, ASHS Press, (2002) 17-21.

Balat M., Global bio-fuel processing and production trends, Energy Explor. Exploit., 25
(3) (2007) 195-218.

Balat M., Balat H., Oz C., Progress in bioethanol processing, Prog. Energ. Combust., 34
(5) (2008) 551-573.

Banse M., van Meijl H., Tabeau A.,Woltjer G., Will EU Biofuel policies affect global
agricultural markets? 107th EAAE Seminar, Sevilla-Spain, (2008a) 117-141.

Banse M., van Meijl H., Woltjer G., The impact of first and second generation biofuels
on global agricultural production, trade and land use, 11th Annual GTAP Conference,
Helsinki-Finland, (2008b) 1-14.

Ben-Ghedalia D., Shefet G., Miron J., Effect of ozone and ammonium hydroxide
treatments on the composition and in vitro digestibility of cotton straw, J. Sci. Food
Agric., 31 (12) (1980) 1337-1342.

Ben-Ghedalia D., Miron J., The effect of combined chemical and enzyme treatment on
the saccharification and in vitro digestion rate of wheat straw, Biotechnol. Bioeng.,
23 (4) (1981) 823-831.

107



Ben-Ghedalia D., Shefet G., Chemical treatments for increasing the digestibility of
cotton straw, J. Agric. Sci., 100 (2) (1983) 393-400.

Benjamin M.M., Woods S.L., Ferguson J.F., Anaerobic toxicity and biodegradability of
pulp mill waste constituents, Water Res., 18 (5) (1984) 601-607.

Binder A., Pelloni L., Fiechter A., Delignification of straw with ozone to enhance
biodegradability, Eur. J. Appl. Microbiol. Biotech., 11 (1) (1980) 1-5.

Bisaria V.S., Bioprocessing of agro-residues to value added products, Bioconversion of
Waste Materials to Industrial Products, Ed: A.M. Martin, Chapman & Hall, (1998)
197-246.

Bjerre A.B., Olesen A.B., Fernqvist T., Ploger A., Schmidt A.S., Pretreatment of wheat
straw using combined wet oxidation and alkaline hydrolysis resulting in convertible
cellulose and hemicelluloses, Biotechnol. Bioeng., 49 (5) (1996) 568-577.

Bobleter O., Bonn G., Prutsc, W., Steam explosion-hydrothermolysisorganosolv: A
comparison, Steam Explosion Techniques, Eds: B. Focher, A. Marzetti, V. Crescenzi,
Gordon & Breach, (1991) 59-82.

Bobleter O., Hydrothermal degradation of polymers derived from plants, Prog. Polym.
Sci., 19 (5) (1994) 797-841.

Bridgewater A.V., Meier D., Radlein D., An overview of fast pyrolysis of biomass,
Org. Geochem.;30 (12) (1999) 1479-1493.

Brown M.A., Levine M.D., Romm J.P., Rosenfeld A.H., Koomey J.G., Engineering-
economic studies of energy technologies to reduce greenhouse gas emissions:
opportunities and challenges, Ann. Rev. of Energy Environ. 23 (1) (1998) 287-386.

Brown R., Biorenewable resources: Engineering new products from agriculture, John
Wiley & Sons,(2003).

Brownell H.H., Yu E.K.C., Saddler J.N., Steam-explosion pretreatment of wood: effect
of chip size, acid, moisture content and pressure drop, Biotechnol. Bioeng., 28 (6)
(1986) 792-801.

Bura R., Mansfield S.D., Saddler J.N., Bothast R.J., SO,-catalyzed steam explosion of
corn fiber for ethanol production, Appl. Biochem. Biotechnol., 98-100 (1-9) (2002)
59-72.

108



Campbell M.N., Biodiesel: algae as a renewable source for liquid fuel, Guelph Eng. J.,
(1) (2008) 2-7.

Cara C., Ruiz E., Ballesteros 1., Negro M.J., Castro E., Enhanced enzymatic hydrolysis
of olive tree wood by steam explosion and alkaline peroxide delignification, Process
Biochem. 41 (2) (2006) 423-429.

Carpita N., McCann M., The cell wall, Biochemistry & Molecular Biology of Plants,
Eds: B.B. Buchanan, W. Gruissem, R.L. Jones, American Society of Plant
Physiologists, (2000) 10- 61.

Chandel A.K., Es C., Rudravaram R., Narasu M.L., Rao L.V., Ravindra P., Economics
and environmental impact of bioethanol production technologies: an appraisal,
Biotechnol. Molec. Biol. Rev., 2 (1) (2007) 14-32.

Chang V.S., Nagwani M., Holtzapple M.T., Lime pretreatment of crop residues bagasse
and wheat straw, Appl. Biochem. Biotechnol., 74 (3) (1998) 135-159.

Chang V.S., Holtzapple M.T., Fundamental factors affecting enzymatic reactivity, Appl.
Biochem. Biotechnol., 84-86 (1-9) (2000) 5-37.

Chang V.S., Kaar W.E., Burr B., Holtzapple M.T., Simultaneous saccharification and
fermentation of lime-treated biomass, Biotechnol. Lett., 23 (16) (2001a) 1327-1333.

Chang V.S., Nagwani M., Kim C., Holtzapple T., Oxidative lime pretreatment of high-
lignin biomass, Appl. Biochem. Biotechnol., 94 (1) (2001b) 1-28.

Chen Y., Sharma-Shivappa R.R., Potential of agricultural residues and hay for
bioethanol production, Appl. Biochem. Biotechnol., 142 (3) (2007) 276-290.

Chen W.H., Pen B.L., Yu C.T., Hwang W.S., Pretreatment efficiency and structural
characterization of rice straw by an integrated process of dilute-acid and steam
explosion for bioethanol production, Bioresour. Technol. 102 (3) (2011) 2916-2924.

Christov L.P., Myburgh J., vanTonder A., Prior B.A., Hydrolysis of extracted and fibre-
bound xylan with Aureobasidium pullulans enzymes, J. Biotechnol., 55 (1) (1997)
21-29.

Converse A.O., Kwarteng 1|.K., Grethlein H.E., Ooshima H., Kinetics of
thermochemical pretreatment of lignocellulosic materials, Appl. Biochem.
Biotechnol., 20-21 (1) (1989) 111-116.

109


http://www.springerlink.com/content/0273-2289/142/3/

Copur Y., Tozluoglu A.,. The effect of AQ and NaBH4 on bio-kraft delignification
(Ceriporiopsis subvermispora) of brutia pine chips, Int. Biodeterior. Biodegrad., 60
(2) (2007) 126-131.

Copur Y., Guler C., Akgul M., Tascioglu C., Some chemical properties of hazelnut husk
and its suitability for particleboard production, Build. Environ., 42 (7) (2007) 2568-
2572.

Copur Y., Guler C., Tascioglu C., Tozluoglu A., Incorporation of hazelnut shell and
husk in MDF production, Bioresour. Technol., 99 (15) (2008) 7402-7406.

Copur Y., Tozluoglu A., Ozyurek O., Sodium borohydrate (NaBH,) pretreatment for
efficient enzymatic saccharification of wheat straw, Bioresour. Technol., 107 (2012)
258-266.

Corlett R.F., Conversion of Seattle’s solid waste to methanol or ammonia, The trend in

engineering, University of Washington Report, (1975).

Cote A., Brown W.A., Cameron D., van Walsum G.P., Hydrolysis of lactose in whey
permeate for subsequent fermentation to ethanol, J. Dairy Sci., 87 (6) (2004) 1608-
1620.

Cowling E.B., Kirk T.K., Properties of cellulose and lignocellulosic materials as
substrates for enzymatic conversion process, Biotechnol. Bioeng. Symp., 6 (1976) 95-
123.

Cysewski G.R., Wilke C.R., Rapid ethanol fermentations using vacuum and cell
recycle, Biotechnol. Bioneg., 19 (8) (1977) 1125-1143.

Cysewski G.R., Wilke C.R., Process design and economic studies of alternative
fermentation methods for the production of ethanol, Biotechnol. Bioneg., 20 (9)
(1978) 1421-1444.

De Oliveria M.E.D., Vaughan B.E., Rykiel Jr E.J., Ethanol as fuel: energy, carbon
dioxide balances and ecological footprint, BioScience, 55 (7) (2005) 593-602.

Delgenes J.P., Penaud V., Moletta R., Pretreatments for the enhancement of anaerobic
digestion of solid wastes, Biomethanization of the Organic Fraction of Municipal
Solid Wastes, IWA Publishing, (2002) 201-228.

Demirbas A., Ethanol from cellulosic biomass resources, Int. J. Green Ener., 1 (1)

110


http://www.sciencedirect.com/science/article/pii/S0964830507000789?_alid=1776360176&_rdoc=4&_fmt=high&_origin=search&_docanchor=&_ct=5&_zone=rslt_list_item&md5=fe156baa731dd4a0b7a9013dcb851d08
http://www.sciencedirect.com/science/article/pii/S0964830507000789?_alid=1776360176&_rdoc=4&_fmt=high&_origin=search&_docanchor=&_ct=5&_zone=rslt_list_item&md5=fe156baa731dd4a0b7a9013dcb851d08
http://www.sciencedirect.com/science/article/pii/S0960852411018402
http://www.sciencedirect.com/science/article/pii/S0960852411018402

(2004) 79-87.

Demirbas A., Estimating of structural composition of wood and non-wood biomass
samples, Energy Sources, 27 (8) (2005a) 761-767.

Demirbas A., Bioethanol from cellulosic materials: A renewable motor fuel from
biomass, Energy Sources, 27 (4) (2005b) 327-337.

Demirbas A., Furfural production from fruit shells by acid catalyzed hydrolysis, Energy
Sources, 28 (2) (2006a) 157-165.

Demirbas A., Global biofuel strategies, Energy Edu. Sci. Technol., 17 (2006b) 32-63.

Deniz |., Predesilication of wheat (Triticum aestivum L.) straw and the action of this
pretreatment on O,-NaOH pulping canditions, Ph.D. Thesis, Karadeniz Technical
University, Trabzon-Turkey, (1994).

Dien B.S., Cotta M.A., Jeffries T.W., Bacteria engineered for fuel ethanol production:
current status, Appl. Microbiol. Biotech., 63 (3) (2003) 258-266.

Doner L.W., Hicks K.B., Isolation of hemicellulose from corn fiber by alkaline
hydrogen peroxide extraction, Cereal. Chem., 74 (2) (1997) 176-181

Donghai S., Junshe S., Ping L., Yanping L., Effects of different pretreatment modes on
the enzymatic digestibility of corn leaf and corn stalks, Chinese J. Chem. Eng., 14 (6)
(2006) 796-801.

Duarte L.C., Carvalheiro F., Lopes S., Marques S., Parajo J.C., Girio F.M., Comparison
of two posthydrolysis processes of Brewery’s spent grain autohydrolysis liquor to
produce a pentose-containing culture medium, Appl. Biochem. Biotechnol., 115 (1-3)
(2004) 1041-1058.

Duff S.J.B., Murray W.D.,. Bioconversion of forest products industry waste cellulosics
to fuel ethanol: A review, Bioresour. Technol., 55 (1) (1996) 1-33.

Eda S., Ohnishi A., Kato K., Xylan isolated from the stalk of Nicotiana tabacum, Agric.
Biol. Chem., 40 (2) (1976) 359-364.

Ergudenler A, lIsigigur A., Agricultural residues as a potential resource for
environmentally sustainable electric power generation in Turkey, Renew. Energ., 5
(5-8) (1994) 786-790.

Erkut Y., 2010 Turkey Biofuels Annual, Global Agricultural Information Network

111


http://www.sciencedirect.com/science/journal/09601481

Report, Ankara-Turkey, (2010).

Fales W.F., The effect of sodium azide on alcoholic fermentation, J. Biol. Chem., 202
(1) (1953) 157-67.

Fan L.T., Lee Y.H., Gharpuray M.M., Nature of lignocellulosics and their pretreatments
for enzymatic hydrolysis, Adv. Biochem. Eng., 23 (1982) 157-187.

Fan L.T., Gharpuray M.M., Lee Y.H., Cellulose Hydrolysis, Springer-Verlag, (1987).

Faroogi R., Sam A.G., Ethanol as a transportation fuel, Centre for Applied Business
Research in Energy and the Environment (CABREE) Report, Alberta-Canada,
(2004).

Fei C., Hongzhang C., Absorption of ethanol by steam exploded corn stalks, Bioresour.
Technol., 100 (3) (2009) 1315-1318.

Fengel D., Wegener G., Wood: Chemistry, Ultrastructure, Reactions, Walter de

Gruyter, (1984).

Filho E.X.F., Tuohy M.G., Puls J., Coughlan M.P., The xylan-degrading enzyme-
systems of Penicillium capsulatum and Talaromyces emersonii, Biochem. Soc.
Trans., 19 (1) (1991) 25S.

Fox M.H., Noike T., Ohki T., Alkaline subcritical-water treatment and alkaline heat

treatment for the increase in biodegradability of newsprint waste, Water Sci.
Technol., 48 (4) (2003) 77-84.

Frison A., Memmert K., Fed-batch process development for monoclonal antibody
production with cellferm-pro., Genetic Eng. News, 22 (11) (2002) 66-67.

Gandi J., Holtzapple M.T., Ferrer A., Byers F.M., Turner N.D., Nagwani M., Chang S.,
Lime treatment of agricultural residues to improve rumen digestibility, Anim. Feed
Sci. Technol., 68 (3-4) (1997) 195-211.

Gaspar M., Juhasz T., Szengyel Z., Recaey K., Fractionation and utilisation of corn
fibre carbohydrates, Process Biochem., 40 (3-4) (2005) 1183-1188.

Gilbert H.J., Hazlewood G.P., Bacterial cellulases and xylanases, J. Gen. Microbiol.,
139 (2) (1993) 187-194.

Gossett J.M., Stuckey D.C., Owen W.F., Mccarty P.L., Heat treatment and anaerobic

112



digestion of refuse, J. Environ. Eng. Div., 108 (3) (1982) 437-454.

Gould J.M., Studies on the mechanism of alkaline peroxide delignification of
agricultural residues, Biotechnol. Bioeng., 27 (3) (1985) 225-231.

Graf A., Koehler T., Oregon cellulose-ethanol study: An evaluation of the potential for
ethanol production in Oregon using cellulosebased feedstocks, Oregon Office of
Energy Report, Oregon-USA, (2000).

Gregg D., Saddler J.N., A techno-economic assessment of the pretreatment and
fractionation steps of a biomass-to-ethanol process, Appl. Biochem. Biotechnol., 57-
58 (1) (1996) 711-727.

Grohman K., Torget R., Himmel M., Dilute acid pretreatment of biomass at high solids
concentration, Biotechnol. Bioeng. Symp., 17 (1986) 135-151.

Grohmann K., Torget R., Himmel M., Optimization of dilute acid pretreatment of
biomass, Biotechnol. Bioeng. Symp., 15 (1985) 59-80.

Grous W.R., Converse A.O., Grethlein H.E., Effect of steam explosion pretreatment on
pore size and enzymatic hydrolysis of poplar, Enzyme Microbiol. Technol., 8 (5)
(1986) 274-280.

Gruppen H., Hamer R.J., Voragen A.G.J., Water-unextractable cell wall material from
wheat flour. 2. Fractionation of alkali-extracted polymers and comparison with
waterextractable arabinoxylans, J. Cereal. Sci., 16 (1) (1992) 53-67.

Guler C., Copur Y., Buyuksari U., Producing particleboards from hazelnut Coryllus
avellana L. husk and european black pine Pinus nigra A., Wood Research., 54 (1)
(2009) 125-132.

Gunther J.C., Seborg D.E., Baclaski J., Fault detection and diagnosis in industrial fed-
batch fermentation, American Control Conference, Minneapolis-USA, (2006) 5511-
5516.

Hahn-Hagerdal B., Galbe M., Gorwa-Grauslund M.F., Liden G., Zacchi G., Bio-ethanol
the fuel of tomorrow from the residues of today, Trends Biotechnol., 24 (12) (2006)
549-556.

Hamelinck C.N., van Hooijdonk G., Faaij A.P.C., Ethanol from lignocellulosic biomass:

Techno-economic performance in short, middle and long-term, Biomass Bioenerg.,

113



28 (4) (2005) 384-410.

Hansen A.C., Zhang Q., Lyne P.W.L., Ethanol diesel fuel blends: A review, Bioresour.
Technol., 96 (3) (2005) 277-285.

Hartmann H., Angelidaki 1., Ahring B.K., Increase of anaerobic degradation of
particulate organic matter in full-scale biogas plants by mechanical maceration,
Water Sci. Technol., 41 (3) (2000) 145-153.

Heiss-Blanquet S., Zheng D., Ferreira N.L., Lapierre C., Baumberger S., Effect of
pretreatment and enzymatic hydrolysis of wheat straw on cell wall composition,
hydrophobicity and cellulase adsorption, Bioresour. Technol., 102 (10) (2011) 5938-
5946.

Hettenhaus J.R., Ethanol fermentation strains: present and future requirements for
biomass to ethanol commercialization, United States Department of Energy and
National Renewable Energy Laboratory Report, Denver West Parkway-USA,
(1998).

Hoije A., Grondahl M., Tommeraas K., Gatenholm P., Isolation and characterization of
physicochemical and material properties of arabinoxylans from barley husks,
Carbohyd. Polym., 61 (3) (2005) 266-275.

Hon D.N.S., Shiraishi N., Wood and Cellulosic Chemistry, Marcel Dekker Inc., (2001).

Hood E.E., Hood K.R., Fritz S.E., Hydroxyproline-rich glycoproteins in cell walls of
pericarp from maize, Plant Sci., 79 (1) (1991) 13-22.

Howard R.L., Abotsi E., Jansen van Rensburg E.L., Howard S., Lignocellulose
biotechnology: issues of bioconversion and enzyme production, Afr. J. Biotechnol., 2
(12) (2003) 602-619.

Jacobsen S.E., Wyman C.E., Xylose monomer and oligomer yields for uncatalyzed
hydrolysis of sugarcane bagasse hemicellulose at varying solids concentration, Ind.
Eng. Chem. Res., 41 (6) (2002) 1454-1461.

Jeffries T.W., Jin Y.S., Ethanol and thermotolerance in the bioconversion of xylose by
yeasts, Adv. Appl. Microbiol., 47 (2000) 221-268.

Jeoh T., Steam explosion pretreatment of cotton gin waste for fuel ethanol production,
M.Sc. Thesis, Virginia Tech. University, VA, (1998).

114


http://www.ncbi.nlm.nih.gov/pubmed/11381985

Jeoh T., Agblevor F.A., Characterization and fermentation of steam exploded cotton gin
waste, Biomass Bioenerg., 21 (2) (2001) 109-120.

Johnson E.A., Sokojoh M., Halliwell G., Madia A., Demain A.L., Saccharification of
complex cellulosic substrates by the cellulase system from Clostridium
thermocellum, Appl. Environ. Microbiol., 43 (5) (1982) 1125-1132.

Kaar W.E., Holtzapple M.T., Using lime pretreatment to facilitate the enzymatic
hydrolysis of corn stover, Biomass Bioenerg., 18 (3) (2000) 189-199.

Kadam K.L., McMillan, J.D., Availability of corn stover as a sustainable feedstock for
bioethanol production, Bioresour. Technol., 88 (1) (2003) 17-25.

Kadiman O.K., Crops: beyond foods, 1st International Conference of Crop Security,
Malang-Indonesia, (2005) 1-9.

Katahira S., Mizuike A., Fukuda H., Kondo A., Ethanol fermentation from
lignocellulosic hydrolysate by a recombinant xylose- and cellooligosaccharide-
assimilating yeast strain, Appl. Microbiol. Biotech., 72 (6) (2006) 1136-1143.

Kim S., Dale B.E., Global potential bioethanol production from wasted crops and crop
residues, Biomass Bioenerg., 26 (4) (2004) 361-375.

Kim H., Choi B., Park S., Kim Y.K., Engine performance and emission characteristics
of CRDI diesel engine equipped with the WCC and the DOC. Using ethanol blended
diesel fuel, 15th International Symposia on Alcohol Fuels (ISAF XV), San Diego-
USA, (2005) 30-31.

Kim T.H., Lee Y.Y.,. Pretreatment of corn stover by soaking in aqueous ammonia,
Appl. Biochem. Biotechnol., 124 (1-3) (2005) 1119-1131.

Klapatch T.R., Hogsett D.A.L., Baskaran S., Pal S., Lynd L.R., Organism development
and characterization for ethanol production using thermophilic bacteria, Appl.
Biochem. Biotechnol., 45-46 (1) (1994) 209-223.

Klass D.L., Biomass for Renewable Energy, Fuels, and Chemicals, Academic Press,
(1998).

Klinke H.B., Ahring B.K., Schmidt A.S., Thomsen A.B., Characterization of
degradation products from alkaline wet oxidation of wheat straw., Bioresour.
Technol., 82 (1) (2002) 15-26.

115


http://journals.ohiolink.edu/ejc/article.cgi?issn=09619534&issue=v21i0002&article=109_cafosecgw
http://journals.ohiolink.edu/ejc/article.cgi?issn=09619534&issue=v21i0002&article=109_cafosecgw

Koh L.P., Ghazoul J., Biofuels, biodiversity, and people: Understanding the conflicts
and finding opportunities, Biol. Conservation, 141 (10) (2008) 2450-2460.

Kohlmann K.L., Westgate P.J., Sarikaya A., Velayudhan A., Weil J., Hendrickson R.,
Ladisch M.R., Enhanced enzyme activities on hydrated lignocellulosic substrates,
207th American Chemical Society National Meeting, ACS Symposium Series,
Washington-USA, (1995) 237-255.

Kormelink F.J.M., Voragen A.G., Degradation of different [(glucurono)arabino]xylans
by a combination of purified xylan-degrading enzymes, Appl. Microbiol. Biotech., 38
(5) (1993) 688-695.

Kristensen J.B., Thygesen L.G., Felby C., Jorgensen H., Elder T., Cell-wall structural
changes in wheat straw pretreated for bioethanol production, Biotechnol. Biofuels, 1
(1) (2008)1-9.

Kuyper M., Toirkens M.J., Diderich J.A., Winkler A.A., Van Dijken J.P., Pronk J.T.,

Evolutionary engineering of mixed-sugar utilization by a xylosefermenting
Saccharomyces cerevisiae strain, FEMS Yeast Res., 5 (10) (2005) 925-934.

Ladisch M.R., Lin K.W., Voloch M., Tsao G.T., Process considerations in the
enzymatic-hydrolysis of biomass, Enzyme Microbiol. Technol., 5 (2) (1983) 82-102.

Laser M., Schulman D., Allen S.G., Lichwa J., Antal Jr M.J., Lynd L.R., A comparison
of liquid hot water and steam pretreatments of sugar cane bagasse for bioconversion
to ethanol, Bioresour. Technol., 81 (1) (2002) 33-44.

Laureano-Perez L., Teymouri F., Alizadeh H., Dale B.E., Understanding factors that
limit enzymatic hydrolysis of biomass: characterization of pretreated corn stover,
Appl. Biochem. Biotechnol., 124 (1-3) (2005) 1081-1099.

Lawford H.G., A new approach to improving the performance of Zymomonas in
continuous ethanol fermentations, Appl. Biochem. Biotechnol., 17 (1-3) (1988) 203-
219.

Lawther J.M., Sun R., Banks W.B., Effect of steam treatment on the chemical
composition of wheat straw, Holzforschung, 50 (4) (1996) 365-371.

Lee Y.J., Oxidation of sugarcane bagasse using a combination of hypochlorite and

peroxide, M.Sc. Thesis, Graduate Faculty of the Louisiana State University and

116


http://www.sciencedirect.com/science?_ob=GatewayURL&_method=citationSearch&_urlVersion=4&_origin=SDTOPTWOFIVE&_version=1&_piikey=S0006320708002954&md5=038c5f54fb8571cc59d7d07f7c002119
http://www.sciencedirect.com/science?_ob=GatewayURL&_method=citationSearch&_urlVersion=4&_origin=SDTOPTWOFIVE&_version=1&_piikey=S0006320708002954&md5=038c5f54fb8571cc59d7d07f7c002119
http://www.ncbi.nlm.nih.gov/pubmed/15930583

Agricultural and Mechanical College, Louisiana-USA (2005).

Levisauskas D., Tekorius T., Model-based optimization of fed-batch fermentation
processes using predetermined type feed-rate time profiles, A comparative study,
Inform. Technol. Control., 34 (3) (2005) 231-236.

Lewandowski 1., Kauter D., The influence of nitrogen fertilizer on the yield and
combustion quality of whole grain crops for solid fuel use, Ind. Crops Prod., 17 (2)
(2003) 103-117.

Lewandowski I., Schmidt U., Nitrogen, energy and land use efficiencies of miscanthus,
reedcanarygrass and triticale as determined by the boundarylineapproach, Agricult.
Ecosyst. Environ., 112 (4) (2006) 335-346.

Li J., Henriksson G., Gellerstedt G., Carbohydrate reactions during hightemperature
steam treatment of Aspen wood, Appl. Biochem. Bioeng., 125 (3) (2005) 175-188.

Li L., Wang Y., Zhang Q., Li J., Yang X., Jin J., Wheat straw burning and its associated
impacts on Beijing air quality, Science in China Series D: Earth Sciences, 51 (3)
(2008) 403-414.

Licht F.O., World ethanol markets: The outlook to 2015, An F.O. Licht Special Report
No. 138, London-UK, (2006).

Licht F.O., World Ethanol & Biofuels Report, An F.O. Licht Special Report, London-
UK, (2008a).

Licht F.O., The impact of biofuels on global feedstock markets. World Grain Markets
Report, An F.O. Licht Special Report, London-UK, (2008b).

Lin H., Bennett G.N., San K.Y., Genetic reconstruction of the aerobic central
metabolism in Escherichia coli for the absolute aerobic production of succinate,
Biotechnol. Bioeng. 89 (2) (2005) 148-156.

Liu C., Wyman C.E., The effect of flow rate of compressed hot water on xylan, lignin
and total mass removal from corn stover, Ind. Eng. Chem. Res., 42 (21) (2003) 5409-
5416.

Lu Y.P., Yang B., Gregg D., Saddler J.N., Mansfield S.D., Cellulase adsorption and an
evaluation of enzyme recycle during hydrolysis of steam-exploded softwood
residues, Appl. Biochem. Biotechnol., 98-100 (2002) 641-654.

117



Lynd L.R., Weimer P.J., van Zyl W.H., Pretorius L.S., Microbial cellulose utilization:
Fundamentals and biotechnology, Microbiol. Mol. Biol. Rev., 66 (3) (2002) 506-577.

MacLean H.L., Lave L.B., Evaluating automobile fuel/propulsion system Technologies,
Prog. Ener. Combust. Sci., 29 (1) (2003) 1-69.

Malca J., Freire F., Renewability and life-cycle energy efficiency of bioethanol and bio-
ethyl tertiary butyl ether (bioETBE): assessing the implications of allocation, Energy,
31 (15) (2006) 3362-3380.

Martel P., Gould J.M., Cellulose stability and delignification after alkaline hydrogen-
peroxide treatment of straw, J. Appl. Poly. Sci., 39 (3) (1990) 707-714.

Martin C., Galbe M., Nilvebrant N.O., Jonsson L.J., Comparison of the fermentability
of enzymatic hydrolyzates of sugarcane bagasse pretreated by steam explosion using
different impregnating agents, Appl. Biochem. Biotechnol., 98-100 (2002) 699-716.

Martin C., Marcet M., Thomsen A.B., Comparison of wet oxidation and steam
explosion as pretreatment methods for bioethanol production from sugarcane
bagasse, BioRes., 3 (3) (2008) 670-683.

McKendry P., Energy production from biomass (part 1): overview of biomass,
Bioresour Technol., 83 (1) (2002) 37-46.

McMillan J.D., Pretreatment of lignocellulosic biomass, Enzymatic Conversion of
Biomass for Fuels Production, Eds: M.E. Himmel, J.O. Baker, R.P. Overend,
American Chemical Society, (1994) 292-324.

Midilli A., Rzayev P., Olgun H., Ayhan T., Solar hydrogen production from hazelnut
shells, Int. J. Hydrogen Energ., 25 (8) (2000) 723-732.

Milne R., Cannell M.G.R., Estimating forest and other terrestrial carbon fluxes at a
national scale, The Carbon Balance of Forest Biomass, Eds: H. Griffiths, P.G. Jarvis,
Taylor and Francis Group, (2005) 57-76.

Mohagheghi A., Evans K., Chou Y.C., Zhang M., Cofermentation of glucose, xylose,
and arabinose by genomic DNA-integrated xylose/ arabinose fermenting strain of
Zymomonas mobilis AX101, Appl. Biochem. Biotechnol., 98-100 (2002) 885-898.

Mok W.S.L., Antal M.J.A., Uncatalyzed solvolysis of whole biomass hemicellulose by
hot compressed liquid water, Ind. Eng. Chem. Res., 31 (4) (1992) 1157-1161.

118



Moore G., Non-Wood Fiber Applications in Papermaking, Pira International, (1996).

Mosier N.S., Ladisch C.M., Ladisch M.R., Characterization of acid catalytic domains
for cellulose hydrolysis and glucose degradation, Biotechnol. Bioeng., 79 (6) (2002)
610-618.

Mosier N., Hendrickson R., Ho N., Sedlak M., Ladisch M.R., Optimization of pH
controlled liquid hot water pretreatment of corn stover, Bioresour. Technol., 96 (18)
(2005a) 1986-1993.

Mosier N., Wyman C., Dale B., Elander R., Lee Y.Y., Holtzapple M., Ladisch M.,
Features of promising technologies for pretreatment of lignocellulosic biomass,
Bioresour. Technol., 96 (6) (2005b) 673-686.

Mueller-Hartley 1., Hartley R.D., Harris P.J., Curzon E.H., Linkage of p-coumaroyl and
feruloyl groups to cell-wall polysaccharides of barley straw, Carbohydr. Res., 148
(1) (1986) 71-85.

Noike T., Niigata E., Micromolecularization of undegradable organic substances in
methane fermentation, In: Development of the Waste Treatment System for

Recycling Society, Waste Research Foundation, Tokyo-Japan, (2001).

Ohgren K., Bura R., Saddler J., Zacchi G., Effect of hemicellulose and lignin removal
on enzymatic hydrolysis of steam pretreated corn stover, Bioresour. Technol., 98
(13) (2007) 2500-2510.

Overend R.P., Chornet E., Fractionation of lignocellulosis by steam-aqueous
pretreatments, Philos. Trans. R. Soc. Lond., 321 (1561) (1987) 523-536.

Ozbay N., Putun A.E., Uzun B.B., Putun E., Biocrude from biomass: pyrolysis of cotton
seed cake, Renew. Energ., 24 (3-4) (2001) 615-625.

Palmowski L., Muller J., Influence of the size reduction of organic waste on their
anaerobic digestion, Il International Symposium on Anaerobic Digestion of Solid
Waste, Barcelona-Spain, (1999) 137-144.

Pandey A., Handbook of Plant-Based Biofuels, CRC Press, (2009).

Panshin,A.J., DeZeeuw C., Textbook of Wood Technology, 4th ed. McGraw Hill,
(1980).

Pavlostathis S.G., Gossett J.M., Alkaline treatment of wheat straw for increasing

119



anaerobic biodegradability, Biotechnol. Bioeng., 27 (3) (1985) 334-344.

Pettersen R.C., The chemical composition of wood, The Chemistry of Solid Wood,
Advances in Chemistry Series, Ed: R.M. Rowell, American Chemical Society, (1984)
983-984.

Philippidis G., Cellulose bioconversion technology, Handbook on Bioethanol:
Production and Utilization, Ed: C.E. Wyman, Taylor & Francis, (1996) 253-285.

Picataggio S.K., Zhang M., Finklestein M., Development of genetically engineered
microorganisms for ethanol production, Enzymatic Conversion of Biomass for Fuels
Production, Eds: M.E. Himmel, J.O. Baker, R.P. Overend, American Chemical
Society, (1994) 342-362.

Pimentel D., Ethanol fuels: energy balance, economics, and environmental impacts are
negative, Natural Resources Res., 12 (2) (2003) 127-134.

Prasad S., Singh A., Joshi H.C., Ethanol as an alternative fuel from agricultural,

industrial and urban residues, Resour. Conserv. Recy., 50 (1) (2007) 1-39.

Quesada J., Rubio M., Gomez D., Ozonation of lignin rich solid fractions from corn
stalks, J. Wood Chem. Tech., 19 (1-2) (1999) 115-137.

Rabelo S.C., Amezquita Fonseca N.A., Andrade R.R., Maciel Filho R., Costa A.C.,
Ethanol production from enzymatic hydrolysis of sugarcane bagasse pretreated with
lime and alkaline hydrogen peroxide, Biomass Bioenerg., 35 (7) (2011) 2600-2607.

Rahman S.H.A., Choudhury J.P., Ahmad A.L., Kamaruddin A.H., Optimization studies
on acid hydrolysis of oil palm empty fruit bunch fiber for production of xylose,
Bioresour. Technol., 98 (3) (2007) 554-559.

Ramamurthi R. Bali G., Bioenergy, Bioenergy: Vision for The New Millennium, Eds: R.
Ramammurthi, S. Kastury, W. Smith, Science Publishers Inc, (2000) 6-7.

Ramos L.P., The chemistry involved in the steam treatment of lignocellulosic materials,
Quim Nova, 26 (6) (2003) 863-871.

Rao R.S., Jyothi C.P., Prakasham R.S., Sarma P.N., Rao L.V., Xylitol production from
corn fiber and sugarcane bagasse hydrolysates by Candida tropicalis, Bioresour.
Technol., 97 (15) (2006) 1974-1978.

Rogers P.L., Lee K.L, Tribe D.E., Kinetics of alcohol production by Zymomonas

120



mobilis at high sugar concentrations, Biotechnol. Lett., 1 (4) (1979) 165-170.

Saarela U., Leiviska K., Juuso E., Modelling of a fed-batch fermentation process,
University of Oulu Control Engineering Laboratory Report A No. 21, (2003).

Saha B.C., Bothast R.J., Pretreatment and enzymatic saccharification of corn fiber,
Appl. Biochem. Biotechnol., 76 (2) (1999a) 65-77.

Saha B.C., Bothast R.J., Enzymology of xylan degradation, Biopolymers: Ultilizing
Nature’s Advanced Materials, Eds: S.H. Imam, R.V. Greene, B.R. Zaidi, American
Chemical Society, (1999b) 167-194.

Saha B.C., Xylanase from a newly isolated Fusarium verticillioides capable of utilizing
corn fiber xylan, Appl. Microbiol. Biotech., 56 (5-6) (2001) 762-766.

Saha B.C., Hemicellulose bioconversion, J. Ind. Microbiol. Biotechnol., 30 (5) (2003)
279-291.

Saulnier L., Marot C., Chanliaud E., Thibault J.F., Cell wall polysaccharide interactions
in maize bran, Carbohyd. Polym., 26 (4) (1995) 279-287.

Saxena R.C., Adhikari D.K., Goyal H.B., Biomass-based energy fuel through
biochemical routes: A review, Renew Sus. Energy Rev., 13 (1) (2009) 167-178.

Schell D.J., Farmer J., Newman M., Mcmillan J.D., Dilute—sulfuric acid pretreatment of

corn stover in pilot-scale reactor, Appl. Biochem. Biotechnol., 105-108 (2003) 69-86.

Schmidt A.S., Thomsen A.B., Optimization of wet oxidation pretreatment of wheat
straw, Bioresour. Technol., 64 (2) (1998) 139-151.

Schultz T.P., Templeton M.C., Biermann C.J., Mcginnis G.D., Steam explosion of
mixed hardwood chips, rice hulls, corn stalks, and sugar cane bagasse, J. Agri. Food
Chem., 32 (5) (1984) 1166-1172.

Sedlak M., Ho N.W.Y., Production of ethanol from cellulosic biomass hydrolysates
using genetically engineered Saccharomyces yeast capable of cofermenting glucose
and xylose, Appl. Biochem. Biotechnol., 113-116 (2004) 403-416.

Selig M.J., Vinzant T.B., Himmel M.E., Decker S.R., The effect of lignin removal by
alkaline peroxide pretreatment on the susceptibility of corn stover to purified
cellulolytic and xylanolytic enzymes, Appl. Biochem. Biotechnol., 155 (1-3) (2009)
397-406.

121


http://www.ncbi.nlm.nih.gov/pubmed?term=Selig%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=19214798
http://www.ncbi.nlm.nih.gov/pubmed?term=Vinzant%20TB%5BAuthor%5D&cauthor=true&cauthor_uid=19214798
http://www.ncbi.nlm.nih.gov/pubmed?term=Himmel%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=19214798
http://www.ncbi.nlm.nih.gov/pubmed?term=Decker%20SR%5BAuthor%5D&cauthor=true&cauthor_uid=19214798
http://www.ncbi.nlm.nih.gov/pubmed/19214798

Shahbazi A., Li Y., Mims M.R., Application of sequential aqueous steam treatments to
the fractionation of softwood, Appl. Biochem. Biotechnol., 121-124 (2005) 973-987.

Shevchenko S.M., Beatson R.P., Saddler J.N., The nature of lignin from steam
explosion/enzymatic hydrolysis of softwood, Appl. Biochem. Biotechnol., 79 (1-3)
(1999) 867-876.

Shibuya N., Iwasaki T., Structural features of rice bran hemicellulose, Phytochemistry,
24 (2) (1985) 285-289.

Shleser R., Ethanol Production in Hawaii, State of Hawaii, Energy Division,
Department of Business, Economic Development and Tourism, (1994).

Silverstein R.A, Chen Y., Sharma-Shivappa R.R., Boyette M.D., Osborne J., A
comparison of chemical pretreatment methods for improving saccharification of
cotton stalks, Bioresour. Technol., 98 (16) (2007) 3000-3011.

Simpson AJ., Kingery W.L., Hatcher P.G., The identification of plant derived
structures in humic materials using three-dimensional NMR spectroscopy, Environ.
Sci. Technol., 37 (2) (2003) 337-342.

Sluiter A., Hames B., Ruiz R., Scarlata C., Sluiter J., Templeton D., Determination of
structural carbohydrates and lignin in biomass, Biomass analysis technology team

laboratory analytical procedures NREL Technical Report, Colorado-USA, (2004).

Soderstrom J., Pilcher L., Galbe M., Zacchi G., Two-step pretreatment of softwood with
SO, impregnation for ethanol production, Appl. Biochem. Biotechnol., 98-100 (2002)
5-21.

Stewart G.G., Russell I., Biochemistry and genetics of carbohydrate utilization by
industrial yeast strains, Pure Appl. Chem., 59 (11) (1987) 1493-1500.

Sun Y., Cheng J., Hydrolysis of lignocellulosic materials for ethanol production: A
review, Bioresour. Technol., 83 (1) (2002) 1-11.

Sun Y., Enzymatic Hydrolysis of rye straw and bermudagrass for ethanol production,
Ph.D. Thesis, NC State University, Raleigh NC-USA. (2002).

Sun Y., Cheng J.J., Dilute acid pretreatment of rye straw and bermudagrass for ethanol
production, Bioresour. Technol., 96 (14) (2005) 1599-1606.

Sun J.X., Xu F., Sun X.F.,, Xiao B., Sun R.C., Physico-chemical and thermal

122


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Silverstein%20RA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sharma-Shivappa%20RR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boyette%20MD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Osborne%20J%22%5BAuthor%5D

characterization of cellulose from barley straw, Polym. Degrad. Stabil., 88 (3)
(2005a) 521-531.

Sun X.F., Xu F., Sun R.C., Fowler P., Bairdd M.S., Characteristics of degraded
cellulose obtained from steam-exploded wheat straw, Carbohydr. Res., 340 (1)
(2005b) 97-106.

Talebnia F., Karakashev D., Angelidaki I., Production of bioethanol from wheat straw:
an overview on pretreatment, hydrolysis and fermentation, Bioresour. Technol., 101
(13) (2010) 4744-4753.

Tang Y., Zhao D., Cristhian C., Jiang J., Simultaneous saccharification and
cofermentation of lignocellulosic residues from commercial furfural production and

corn kernels using different nutrient media, Biotechnol. Biofuels., 4 (22) (2011) 1-10.

Tengborg C., Stenberg K., Galbe M., Zacchi G., Larsson S., Palmgvist E., Hahn-
Hégerdal B., Comparison of SO2 and H2SO4 impregnation of softwood prior to
steam pretreatment on ethanol production, Appl. Biochem. Biotechnol., 70-72 (1998)
3-15.

Timell T.E., Recent progress in the chemistry of wood hemicelluloses, Wood Sci.
Technol., 1 (1) (1967) 45-70.

Tomas-Pejo E., Oliva J.M., Ballesteros M., Olsson L., Comparison of SHF and SSF
processes from steam-exploded wheat straw for ethanol production by xylose
fermenting and robust glucose-fermenting Saccharomyces cerevisiae strains,
Biotechnol. Bioeng., 100 (6) (2008) 1122-1131.

Tsai W.T., Chang C.Y., Wang S.Y., Chang C.F., Chien S.F., Sun H.F., Cleaner
production of carbon adsorbents by utilizing agricultural waste corn cob, Resour.
Conserv. Recy., 32 (1) (2001) 43-53.

Usta M,, Kirc1 H., Eroglu H., Soda oxygen pulping of cornstalks (Zea mays indurata
Sturt), 1990 TAPPI Pulping Conference Proceedings, 1 (1990) 307-312.

Varga E., Szengyel Z., Reczey K., Chemical pretreatments of corn stover for enhancing
enzymatic digestibility, Appl. Biochem. Biotechnol., 98-100 (2002) 73-87.

Vessia O., Biofuels from lignocellulosic material: In the Norwegian context 2010-

technology, potential and costs, department of electrical engineering, Norwegian

123



University of Science and Technology Project report, Trondheim-Norway, (2005).

Vidal P.F., Molinier J., Ozonolysis of lignin . improvement of in vitro digestibility of
poplar sawdust, Biomass, 16 (1) (1988) 1-17.

Walker L.P., Wilson D.B., Enzymatic hydrolysis of cellulose: An overview, Bioresour.
Technol., 36 (1) (1991) 3-14.

Wang Z., Keshwani D.R., Reddingz A.P., Cheng J.J., Sodium hydroxide pretreatment
and enzymatic hydrolysis of coastal Bermuda grass, Bioresour. Technol., 101 (10)
(2010) 3583-3585.

Weil J.R., Brewer M., Hendrickson R., Sarikaya A., Ladisch M.R., Continuous pH
monitoring during pretreatment of yellow poplar wood sawdust by pressure cooking
in water, Appl. Biochem. Biotechnol., 68 (1997) 21-40.

Weil J.R., Sarikaya A., Rau S.L., Goebz J., Lasisch C.M., Brwer M., Hendrickson R.,
Tadisch M.R., Pretreatment of corn fiber by pressure cooking in water., Appl.
Biochem. Biotechnol., 73 (1) (1998) 1-17.

Williams K.C., Subcritical water and chemical pretreatments of cotton stalk for the

production of ethanolii, M.Sc. Thesis, North Carolina State University, (2006).
Wise L.E., Wood Chemistry, Reinhoid Publishing Corparation, (1952).

Wiselogel A., Tyson S., Johnson D., Biomass feedstock resources and composition,
Handbook on Bioethanol: Production and Utilization, Ed: C.E Wyman, Taylor &
Francis, (1996) 105-118.

Wright J.D., Dagincourt C.G., Evaluation of sulfuric-acid hydrolysis processes for
alcohol fuel production, Biotechnol. Bioeng. Suppl., 14 (1984) 105-123.

Wright J.D., Wyman C.E., Grohmann K., Simultaneous saccharification and
fermentation of lignocellulose process evaluation, Appl. Biochem. Biotechnol., 18 (1)
(1988) 75-90.

Wu M.M., Chang K., Gregg D.J., Boussaid A., Beatson R.P., Saddler J.N.,
Optimization of steam explosion to enhance hemicellulose recovery and enzymatic
hydrolysis of cellulose in softwoods, Appl. Biochem. Biotechnol., 77 (1-3) (1999) 47-
54.

Wyman C.E., Ethanol from lignocellulosic biomass technology, economics, and

124


http://www.ncbi.nlm.nih.gov/pubmed/20089396

opportunities, Bioresour. Technol., 50 (1) (1994) 3-16.

Wyman C.E., Ethanol production from lignocellulosic biomass: overview, Handbook on
Bioethanol: Production and Utilization, Ed: C.E. Wyman, Taylor & Francis, (1996)
1-18.

Xiao W., Clarkson W.W., Acid solubilization of lignin and bioconversion of treated
newsprint to methane, Biodegradation, 8 (1) (1997) 61-66.

Yang B., Wyman C.E., Effect of xylan and lignin removal by batch and flow through
pretreatment on the enzymatic digestibility of corn stover cellulose, Biotechnol.
Bioeng., 86 (1) (2004) 88-95.

Yosef E., Ben-Ghedalia D., Miron J., Huttermann A., Majcherczyk A., Milstein O.,
Ludemann H.D., Frund R., Characterization of some cell wall components of
untreated and ozone-treated cotton stalks, J. Agri. Food Chem., 42 (1) (1994) 86-90.

Zaldivar J., Nielsen J., Olsson L., Fuel ethanol production from lignocellulose: a
challenge for metabolic engineering and process integration, Appl. Microbiol.
Biotech., 56 (1-2) (2001) 17-34.

Zhang Y.H.P., Lynd L.R., Toward an aggregated understanding of enzymatic hydrolysis
of cellulose: noncomplexed cellulase systems, Biotechnol. Bioeng., 88 (7) (2004)
797-824.

Zhao Y., Lu W.J., Wang H.T., Yang J.L., Fermentable hexose production from corn
stalks and wheat straw with combined supercritical and subcritical hydrothermal
technology, Bioresour. Technol., 100 (23) (2009) 5884-5889.

Zheng Y., Lin H.M., Wen J., Ningjun C., Yu X., Tsao G.T., Supercritical carbon
dioxide explosion as a pretreatment for cellulose hydrolysis, Biotechnol. Lett., 17 (8)
(1995) 845-850.

Zhu S.D., Wu Y.X., Yu Z.N., Zhang X.A., Wang C.W., Yu F.U., Jin S.W., Production
of ethanol from microwave-assisted alkali pretreated wheat straw, Process Biochem.,
41 (4) (2006) 869-873.

125



6. APPENDICES

6.1. APPENDIX-1. STEAM EXPLOSION EFFECT

Table Al.1. SE effect on glucan, xylan and lignin for all raw materials.

Wheat Straw

Levene's Test for

t-test for Equality

Equality of Variances of Means
Factor
F Significance t df  Significance (2-tailed)
lignin  3.587E°° 0.000 -1.10 1 0.47
xylan 0.000 191 2 0.22
glucan  8.405E™ 0.000 -1.26 2 0.34
Corn Stalks
Levene's Test for t-test for Equality
Equality of Variances of Means
Factor
F Significance t df  Significance (2-tailed)
lignin  1.678E™® 0.000 210 1 0.28
xylan 0.000 -0.74 2 0.55
glucan 9.327E® 0.000 347 1 0.17
Hazelnut Husk
Levene's Test for t-test for Equality
Equality of Variances of Means
Factor _ i
F Significance t df  Significance (2-tailed)
lignin  4.750E®™ 0.000 114 2 0.39
xylan 0.000 -065 1 0.61
glucan 0.000 -1.03 2 0.41
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6.2. APPENDIX-2. GLUCAN AND XYLAN CONVERSIONS

Table A2.1. After 72 h enzymatic hydrolysis, variation analysis results (ANOVA) of
glucan conversions for wheat straw pretreated with different methods.

Variation Source  Sum of Squares  Degree of Freedom Mean Square F Significance

Between Groups 4643.1 5 928.6 343.3 0.000
Within Groups 16.2 6 2.71
Total 4659.4 11

Table A2.2. After 72 h enzymatic hydrolysis, Duncan test results of glucan conversions
for wheat straw pretreated with different methods.

Subset For Alpha= 0.05

Methods 1 > 3 7 5
UWS 32.2
SE WS 48.8
WS 2% H,SO, 90 min. 717
WS 4% H,0,90 min. 74.7
WS 4% NaBH, 60 min. 83.3
WS 2% NaOH 90 min. 87.8
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Table A2.3. After 72 h enzymatic hydrolysis, variation analysis results (ANOVA) of
xylan conversions for wheat straw pretreated with different methods.

Variation Source  Sum of Squares  Degree of Freedom Mean Square  F  Significance

Between Groups 1457.2 5 291.4 41.1 0.000
Within Groups 42.6 6 7.09
Total 1499.8 11

Table A2.4. After 72 h enzymatic hydrolysis, Duncan test results of xylan conversions
for wheat straw pretreated with different methods.

Subset For Alpha= 0.05

Methods 1 2 3 4
UWS 11.8
SE WS 28.8
WS 2% H,SO, 90 min. 32.2 322
WS 4% H,0,90 min. 37.2
WS 2% NaOH 90 min. 43.9
WS 4% NaBH, 60 min. 44.2
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Table A2.5. After 72 h enzymatic hydrolysis, variation analysis results (ANOVA) of
glucan conversions for corn stalks pretreated with different methods.

Variation Source  Sum of Squares  Degree of Freedom Mean Square F Significance

Between Groups 3135.8 5 627.2 124.8 0.000
Within Groups 30.1 6 5.02
Total 3165.9 11

Table A2.6. After 72 h enzymatic hydrolysis, Duncan test results of glucan conversions
for corn stalks pretreated with different methods.

Subset For Alpha= 0.05

Methods 1 > 3 7 5
UCS 42.7
SECS 49.4
CS 4% H,SO, 60 min 56.6
CS 4% H,0, 90 min. 74.5
CS 4% NaBH, 90 min. 82.4
CS 4% NaOH 90 min. 84.0
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Table A2.7. After 72 h enzymatic hydrolysis, variation analysis results (ANOVA) of
xylan conversions for corn stalks pretreated with different methods

Variation Source  Sum of Squares  Degree of Freedom Mean Square F Significance

Between Groups 2646.4 5 529.3 126.2 0.000
Within Groups 25.2 6 4.19
Total 2671.6 11

Table A2.8. After 72 h enzymatic hydrolysis, Duncan test results of xylan conversions
for corn stalks pretreated with different methods.

Subset For Alpha= 0.05

Methods 1 5 3 7 5
UCS 30.3
SECS 38.9
CS 4% H,SO, 60 min 45.0
CS 4% H,0, 90 min. 55.7
CS 4% NaBH, 90 min. 69.3
CS 4% NaOH 90 min. 69.9
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Table A2.9. After 72 h enzymatic hydrolysis, variation analysis results (ANOVA) of
glucan conversions for hazelnut husks pretreated with different methods

Variation Source  Sum of Squares  Degree of Freedom Mean Square F Significance

Between Groups 2225.7 5 445.1 283.4 0.000
Within Groups 9.43 6 1.57
Total 2235.1 11

Table A2.10. After 72 h enzymatic hydrolysis, Duncan test results of glucan
conversions for hazelnut husks pretreated with different methods.

Subset For Alpha= 0.05

Methods 1 > 3 7 5
HH 29.4
SE HH 50.3
HH 0.5% H,SO,4 30 min. 54.3
HH 2% H,0, 90 min. 58.8
HH 2% NaBH,4 60 min. 61.8
HH 2% NaOH 90 min. 74.4
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Table A2.11. After 72 h enzymatic hydrolysis, variation analysis results (ANOVA) of
xylan conversions for hazelnut husks pretreated with different methods.

Variation Source  Sum of Squares  Degree of Freedom Mean Square  F  Significance

Between Groups 557.5 5 1115 26.1 0.001
Within Groups 25.6 6 4.27
Total 583.1 11

Table A2.12. After 72 h enzymatic hydrolysis, Duncan test results of xylan conversions
for hazelnut husks pretreated with different methods.

Subset For Alpha= 0.05
Methods

1 2 3
HH 22.6
HH 2% H,0, 90 min. 31.0
SE HH 33.2
HH 0.5% H,SO, 30 min. 40.4
HH 2% NaOH 90 min. 40.5
HH 2% NaBH, 60 min. 41.9
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