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Abstract

Corncobs were used as the feedstock to investilgateffect of operating conditions and
crude glycerol (solvent) on bio-oil production. Tiighest bio-oil yield of 33.8% on the basis of
biomass dry weight was obtained at 305°C, 20 menten time, 10% biomass content, 0.5%
catalyst loading. At selected conditions, bio-adlgt based on the total weight of corn cobs and
crude glycerol increased to 36.3% as the crudeeghyicorn cobs ratio increased to 5.
Furthermore, the optimization of operating condisiavas conducted via response surface
methodology. A maximum bio-oil yield of 41.3% walstained at 280°C, 12min, 21% biomass
content, and 1.56% catalyst loading. A highestdia@arbon content of 74.8% was produced at
340°C with 9% biomass content. A maximum carbowvecy of 25.2% was observed at 280°C,
12min, 21% biomass content, and 1.03% catalysingad

The effect of biomass ecotype and planting locatiotio-oil production were studied
on big bluestems. Significant differences were tbimthe yield and elemental composition of
bio-oils produced from big bluestem of differenbpes and/or planting locations. Generally,
the IL ecotype and the Carbondale, IL and Manha&&hplanting locations gave higher bio-oil
yield, which can be attributed to the higher tatlulose and hemicellulose content and/or the
higher carbon but lower oxygen contents in thesddtcks. Bio-oil from the IL ecotype also
had the highest carbon and lowest oxygen contetish were not affected by the planting
location.

In order to better understand the mechanisms afotlyermal conversion, the interaction
effects between cellulose, hemicellulose and ligminydrothermal conversion were studied.
Positive interaction between cellulose and ligbun, negative interaction between cellulose and
hemicellulose were observed. No significant inteoacwas found between hemicelluose and
lignin. Hydrothermal conversion of corncobs, bigddtems, switchgrass, cherry, pecan, pine,
hazelnut shell, and their model biomass also wenelacted. Bio-oil yield increased as real
biomass cellulose and hemicellulose content inexasut an opposite trend was observed for

low lignin content model biomass.
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Chapter 1 - Introduction*

Abstract

Biofuels have received great attention due to épédrdepletion of crude oil and
environmental problems associated with fossil fisd. Biofuels derived from lignocellulosic
biomass are promising alternatives to fossil fugnocellulsic biomass can be converted to
biofuels by gasification, pyrolysis, and hydrothetrmonversion, whose advantages and
disadvantages were summarized. Among these teajias)dydrothermal conversion of
lignocellulosic biomass to bio-oils offers majoooeomic, environmental, and strategic benefits.
The general background of hydrothermal conversimhoblems associated with hydrothermal

conversion were reviewed. The objectives of thsselitation also were listed in this chapter.

*1.1 and 1.2 have been published in a review paper.
Gan, J., Yuan W. 2012. The Effect of biomass ordiliproduction via hydrothermal conversion. XilNS. Qil:
production, consumption and environmeimglact. NOVA Science Publishers, Inc., NY.
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1.1 General background

According to International Energy Outlook 2008, wharld liquid fuel consumption in
2030 could increase to 113 million barrels per filagn 84 million barrels per day in 2005. The
United States currently consumes more than 14i@migallons of transportation fuels annually.
The burning of fossil fuels significantly increasbke level of CQin the atmosphere. The
transportation sector was responsible for about @b%orldwide CQ emissions and it will
increase to nearly 50% of the total emissions 8020 herefore, it is necessary to produce
alternatives to fossil fuels. Biofuels have recdigeeat attention due to the rapid depletion of
crude oil and environmental problems associated fogsil fuel use. Biofuels play an increasing
role to reduce C@emissions since Gan be fixed by photosynthesis during biomass tirow

Global biofuels production increased rapidly over last decade. Around 68 billion liters
bioethanol and 15 billion liters biodiesel werequwoed globally in 2008, which are typical first
generation biofuels (IEA, 2009). Bioethanol is nhaitkerived from corn and sugar cane through
starch or sugar fermentation. Biodiesel is produbeolugh transesterification of vegetable oils,
residual oils and fats (Naik et al., 2010). The omercial first generation biofuels can offer some
CO, benefits and reduce stress of energy security.ddewy they face heavy criticism now
because they compete with food production. Theeefecond generation biofuels produced
from lignocellulosic biomass is a good option besgathey do not compete with food crops,
could significantly reduce C{production, and have abundant feedstock. DOE $3dAJ
projected that the U.S. biomass resources anncalllg provide around 1.3 billion dry tons of
lignocellulosic biomass for biofuels production,iefhwould meet about 40% of the annual U.S.
fuel demand for transportation. The biomass induatgricultural residue, forestry residue, and
perennial grass (Perlack et al., 2005).

Conversion of lignocellulosic biomass to biofuelfes major economic, environmental,
and strategic benefits. As shown in Figure 1.1Iretlaee two primary routes in such a project: the
sugar platform (or biochemical processing) andiieemochemical platform. Cellulosic ethanol
falls into the sugar platform, wherein biomassydrblyzed to fermentable sugars which are
further processed to ethanol or chemicals. Inlieemdochemical platform, biomass is converted
into synthesis gas through gasification or bio-thl®ugh pyrolysis and hydrothermal conversion
(HTC), which can be further upgraded to liquid &u@#.g., gasoline and diesel fuel) and other

chemicals.
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Bio-oils Pl Liquid Fuels
Hydrothermal Hydrotreating
Conversion

Figure 1.1 Primary routes for biofuels conversion
(Huber and Dumesic, 2006)

1.2 Hydrothermal conversion

Among these technologies, HTC of biomass possasses special features and
advantages. HTC is a chemical reforming processhich organic matters are depolymerized
and reformed to bio-oil, gases, char, and wataskdelmatters in a heated, pressurized, and
oxygen-absent enclosure (Ocfmia et al., 2006). fT&so called hydrothermal/direct
liquefaction or hydrothermal upgrading/depolymetizaa, which is conducted under elevated
pressure (50 to 200 atm) and at low temperatur@°@@o 400°C) to keep water in either liquid
or supercritical state. The use of water as a sblobviates the need to dry biomass and permits
reactions to be carried out at lower temperature®mparison with other thermo-chemical
technologies, such as gasification and fast pyr®lys

The primary product of HTC is an oily organic ligualled bio-oil or bio-crude, and the
main by-products are solid residue (also calleddbiar), agueous products, and gases. Bio-oils
can be used as a fuel for burners, boilers, sttyodiesel engines, or turbines (Czernik and
Bridgwater, 2004). They may also serve as a startiaterial for valuable petroleum-based fuels

(e.g., gasoline and diesel) and products such Bsnpecs, aromatics, lubricants, and asphalt



(Zhang et al., 2007; Peterson et al., 2008). Fonpasison, bio-oils can also be made by fast
pyrolysis, which occurs at atmospheric pressureeuhtjher temperatures (~500 °C) with very
short residence times (<2 s). Although fast pyrslysls have the advantage of short residence
times and lower capital costs (Huber et al., 20083, produced from HTC typically have more
desirable qualities than fast pyrolysis oils. Aewh in Table 1.1, HTC oils typically have much
lower oxygen and moisture contents, and consequenith higher energy value, as compared
to oils from fast pyrolysis. Moreover, both dry amet biomass can be used as feedstock in
HTC. Drying the feedstock is not needed in HTC, alhimakes it especially suitable for
naturally wet biomass. In addition, HTC is a neergly process. The energy balance of swine
manure HTC by a continuous reactor system has balenlated by Kim (2006). The energy
gain based on bio-oil heating value and energy wopsion for reactants heating is about 3

without energy loss, and 1.2 with energy loss.

Table 1.1 Property comparison between pyrolysis odand HTC oil
(Huber et al., 2006)

Property Pyrolysis oll HTC oll
Moisture content, wt% 15-30 5.1
Specific gravity 1.2 1.1
Elemental composition: Carbon (wt%) 54-58 73
Hydrogen (wt%) 5.5-7.0 8
Oxygen (wt%) 35-40 16
High heating value (MJ k§ 16-19 34

Many types of lignocellulosic biomass such as wabiws, stalks, shells, and husks
have been successfully converted into bio-oilsughoHTC. Table 1.2 summarizes the yield and
quality of bio-oils from HTC of some common typddignocellulosic biomass. Yield ranged
from 6.5% to 28.8%, while H/C ratio and O/C ratier& in the range of 0.96 to 1.45 and 0.11 to
0.72, respectively. Large variances of bio-oil giahd quality indicate that either biomass type
or operating conditions, or both, significantlyeadf biomass HTC. However, it is still not clear
which factor is dominant and how they affect thegass.



Table 1.2 Hydrothermal conversion of common typesfdignocellulosic biomass

Oll Heating
Raw Temperature RT Catalyst |
_ _ yield | O/C H/C | value Reference
material | (°C) (min)
(%) (kJ/9)
Corn 5% Minowa et
300 30 283 | 021 | 1.01| 29.7
stalk NaCOs al., 1998
5% Minowa et
300 30 288 | 0.22 | 1.12 | 30.8
. N&CO; al., 1998
Rice
Karagoz et
husk 280 15 No 6.5 - - -
al., 2005
5% Minowa et
300 30 225 | 017 | 1.20 | 29.8
Na&CO; al., 1998
Rice Li et al.,
straw 0.11- | 1.14- | 27.55- 2009;
260-340 3/5 No 10-4d
0.72 |1.45 |37.17 Yuan et al.,
2007
Beech 16.8- 27.6- Demirbg et
277-377 25 No 0.19 | 0.96
wood 28.4 31.3 al., 2005
Spruce 13.8- 28.3- Demirba,
277-377 25 No 0.19 | 0.97
wood 25.8 33.9 2005
Karagoz et
Sawdust | 280 15 No 7.2 - - -
al., 2005

1.3 Problem statement

The yield and quality of the target product of bass HTC (bio-oil) is significantly

affected by the operating parameters, such aseeaemperature, retention time, biomass

loading, catalyst and solvent used etc. Howevergtfects of the operating parameters and the

interactions between them have not been fully ingated.

Bio-oil production from lignocellulosic biomass HTi€affected by the type of biomass

due to their different chemical compositions angigital structures (Minowa et al., 1998;

Bhaskar et al., 2008). However, little informatisravailable to relate biomass type and




characteristics to HTC performance. Chemical reastin HTC process mainly include
hydrolysis, solvolysis, cracking, depolymerizatibgdrogenation, decarboxylation,
condensation, and repolymerization etc. (Chorndt@verend, 1985; Zhang et al., 1999). But
the mechanisms and kinetics of HTC process argvalbbtunderstood yet.

Bio-oil made through lignocellulosic biomass HT@aky has high viscosity, poor
guality and are of low yield, which limit the apgation of this technology. Bio-oil production
from lignocellulosic biomass can be improved byhgssrganic solvents. Researchers have
generated bio-oils with low viscosity and high giélom organic solvents, especially crude
glycerol (Demirbas, 2000; Xiu et al., 2010, 20y and coworkers (2010, 2011) have
reported that bio-oil yield dramatically increased its quality was improved by the use of
crude glycerol in swine manure HTC process. Buifectiveness and mechanisms of crude
glycerol on the bio-oil production from gnocelluilo®iomass have not been studied. Crude
glycerol is a low-value (e.g., <2 cents per poungdproduct of biodiesel production and is
sometimes treated as waste. Because of the rapidigof the biodiesel industry, the quantity of
crude glycerol produced is becoming considerabtg,(2200 million |b per year); treatment and

possible use of this by-product are topics of urgaportance.

1.4 Research objectives
The goal of this research is to improve the yield quality of bio-oil produced from
hydrothermal conversion (HTC) of lignocellulosiobiass, which is affected by operating
conditions (temperature, retention time, biomasgaertt, and catalyst loading), solvent, biomass
ecotype and planting location, as well as biomassnical and elemental compositions. Specific
objectives and approaches are as follows:

1) To investigate the effect of operating conditiond arude glycerol on the yield and quality
of bio-oil produced from corncobs HTC.

2) To optimize the operating conditions for bio-oibduction from corncobs HTC via
response surface methodology, and investigatenteeaiction effects among these
operating conditions.

3) To study the effect of biomass ecotype and plantingtion on bio-oil production. Three
ecotypes (CKS, EKS, IL) and one cultivar (KAW) af bbluestem Andropogon gerardii)



4)

that were planted in three locations (Hays, KS; Mdtan, KS; and Carbondale, IL) will be
converted to bio-oil via hydrothermal conversion.

To investigate the effect of biomass chemical casitpms on bio-oil production.
Lignocellulosic biomass is mainly composed of debe, hemicellulose and lignin.
Decomposition behaviors of the three compounddiagid interactions in HTC process
will be investigated using pure cellulose, hemigdele, lignin and their mixtures as
feedstock. Then, HTC of typical real lignocellulobiomass and their model biomass will
be carried out.
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Chapter 2 - Literature Review*

Abstract

Bio-oil production from lignocellulosic biomass wigdrothermal conversion (HTC) was
studied widely. Bio-oil production from lignocelhgdic biomass HTC was significantly affected
by the operating conditions (temperature, retentiime, biomass content, catalyst used) and
solvents used, which were reviewed in this chaptgdrothermal conversion of lignocellulosic
biomass was also affected by biomass chemical csitiquos, whose main compounds are
cellulose, hemicellulose and lignin. The convergioocesses of cellulose, hemicellulose, and

lignin, and their effects on bio-oil production weeviewed, separately.

*2.2 has been published in a review paper.
Gan, J., Yuan W. 2012. The Effect of biomass ondiliproduction via hydrothermal conversion. XitNS. Qil:

production, consumption and environmeimglact. NOVA Science Publishers, Inc., NY.
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2.1 Effects of operating parameters on lignocellukc biomass HTC

The operating parameters of HTC include reactiompirature, retention time, biomass
loading, pressure, carry gas, catalyst and solvesed, in which reaction temperature, retention
time, catalyst and solvent used have significaietce on biomass HTC. Their effects on bio-oil

yield and quality will be discussed respectively.

2.1.1 Effect of temperatureon HTC

Many researchers have studied the influence of éeatypre on biomass HTC. Bio-oil
formation from lignocellulosic biomass mainly ocad at the temperature range of 200 to
420°C, in which bio-oil yield increased with increasirgnction temperature, and then decreased
as temperature increased further (Ogi et al., 18Bdowa et al., 1998a; Zhong and Wei, 2004;
Qian et al., 2007; Yuan et al., 2007; Xu and L&)& Xu and Lancaster 2008; Liu and Zhang,
2008). It should be interpreted by a competitiotwleen depolymerization and repolymerization/
condensation during lignocellulosic biomass HTC té&wperature increased, the
depolymerization of the polymers into a liquid ndh phase would become easier. But a further
increase of the temperature might promote the dposition of these fragments into gaseous
products and repolymerization/ condensation ofritermediates into char. It was confirmed by
many researchers. Yuan et al., (2009) found tleabbiformation from straw HTC without
catalyst mainly occurred between 25@Gnd 300C, but high molecular compounds were
produced by repolymerization when temperature &irihcreased to 310. When pure cellulose
was used as HTC feedstock, the maximum oil yietmioed at 300 (Minowa et al., 1998).
Moreover, Xu and Lancaster (2008) proposed tha¢msailuble oil was converted into heavy oll
as temperature increased from Z5@ 350C. As the temperature increased further to'G80
heavy oil yield decreased, but more char and gas pr@duced might due to the condensation,
repolymerization or cracking reaction of the intediates. Thus, below a critical temperature,
the decomposition reaction is dominant. Above thigscal temperature, it is the other way
round, repolymerization becomes predominant.

The optimum temperature for bio-oil production fréignocellulosic biomass HTC
varied case by case because the different chepoogbosition and operating conditions. Zhang
and Wei (2004) found that the optimal temperatdneand HTC shifted to a higher value as the
lignin content increased due to the good thernaddikty of lignin.
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2.1.2 Effect of retention timeon HTC
Reaction retention time is another important opeggtarameter. Most researchers
agreed that there was a critical retention timeHerhighest oil yield from biomass HTC. Bio-oll
yield decreased at a prolonged retention time, vbauld be explained by the cracking of bio-
oil or intermediate products to gases and formatiochars by condensation, cyclization, and

repolymerization (Xu and Etcheverry, 2008; Li et 2009).

2.1.3 Effect of catalyst on HTC

Biomass HTC was significantly affected by the kindg€atalyst and catalyst loading.
Alkali catalysts and iron-based catalysts have badely in biomass HTC to enhance the bio-
oil yield. The effect of alkaline catalysts on lagellulosic biomass HTC has been studied by
many researchers (Song et al., 2004; Tomoko CQaJi,e1985; Selhan Karagoz et al., 2004;
2005a; 2005b; Xu and Lad, 2008). Ogi et al. (198&¢stigated the effect of nine catalysts
(CaCQ, Ca(OH), N&CO;, NaOH, HCOONa, NaCl, $C0O3;, KOH and HCOOK) on HTC of
woody biomass at 300°C with 2.0MPa initial pressiitee results indicated that alkali and
alkaline earth salts except chloride promoted widd€. Potassium and sodium salts had no
significant difference on the bio-oil yield. Karaget al. (2004; 2005a; 2005b) also found that
the alkali and alkaline salts enhanced bio-oil fation from wood HTC at 280°C for 15min, but
they suggested that catalytic activity of thesalyats shown a priority sequence of
K2COs>KOH> NgCOs>NaOH >RbOH>CsCgRbCG;>CsOH based on heavy oil yield. HTC
of woody biomass in sub- and super-critical ethavith 5 wt% FeS or FeS(as catalyst was
conducted by Xu and Etcheverry (2008). They fourad both catalysts improved the bio-oil
formation when temperature increased from 220°85tC. The highest bio-oil yield of 63%
was obtained at 350°C for 40min with 5 wt% Fe®@d 5MPa initial pressure obHThese
catalysts used in biomass promoted the bio-oil &rom by suppressing the char formation from
oil (Minowa et al., 1998a).

Furthermore, the catalytic activity of catalystssveependent on reaction temperature.
Xu and Etcheverry (2008) found that iron-basedlgsttavere more active at higher temperature.
The optimum reaction temperature for woody biom4E€ was dropped from 350°C to 300°C
by Ba(OH})», Ca(OH) and FeS®(Xu and Lad, 2008).
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Alkali salts promoted the conversion of biomas$itwoil through HTC, but the bio-oil
yield decreased with the addition of an excessiweunt of catalyst. Ogi and his co-workers
(1985) usedQuercus serrata thunb as feedstock, and,KO; as catalyst to study the effect of
catalyst loading on wood HTC. They found that thedl yield increased from 5.0% to 26.2%
as alkali catalyst loading increased from 0 to 1.4#wever, when the catalyst loading further
increased, the bio-oil yield decreased. This phesrmn also observed by other researchers
(Bhaskar et al., 2008) when cypress was used astek with alkali salt catalyst. Contrarily,
the char yield of cypress HTC decreased firstly #meh increased as the increasing alkali
catalyst loading (Bhaskar et al., 2008). It indéchthat severe alkali condition suppressed the
bio-oil production from lignin, but promoted theathformation from the intermediate products
of lignin decomposition by condensation and rep@gzation.

Suzuki and Nakamura (1988) proposed the followeagsons to explain this
phenomenon: (1) high alkali concentration accederéite formation of solids from some oil
fraction through repolymerization; (2) alkali satsit generated by the reaction of catalyst and
some oil fraction dissolved in an aqueous phagehi¢h pH also enhanced the formation of

materials that was easily soluble in an aqueouseha

2.1.4 Effect of solvent on HTC

Water is the cheapest and most common medium in, HIiCthe bio-oil obtained from
lignocellulose HTC with water is a viscous tarrynlp with high oxygen content and low heating
value, which can not be utilized directly. Fortueigt Researchers have generated bio-oils with
low viscosity and high yield by using organic saltgesuch as ethyl acetate (Demirbas, 2000a),
acetone (Heitz et al., 1994; Liu and Zhang, 202§)ropanol (Ogi et al., 1994), and butanol
(Ogi et al., 1993), but these solvents are expensilycerol (glycerine) can be used as an
organic solvent for biomass delignification (Denaish1992; 2008; Demirbas and Celik, 2005;
Kicuk, 2005) and to significantly improve the penfiance of liquefaction in the conversion of
biomass into bio-oil (Demirbas, 2000b; Xiu et 2D10).

The HTC of pinewood in the presence of three sab/émater, acetone and ethanol) was
studied in a 200mL autoclave by Liu and Zhang (2008he conditions of temperature rang
250°C to 450°C, starting pressure 1MPa with argon, retention time 20min. Their results

showed that the behaviors of biomass HTC in orgsolieents were similar with that in water,
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and the solvent efficiency in pinewood HTC wasnnoader of: ethanol>acetone>water.
Furthermore, Yao et al. (1994) reported that bisigsiefaction with mixed solvent was more
significantly promoted than that with sole solvbatause the mixed solvents had a synergistic
capability to enhance the biomass liquefactionsumpress the solid residue formation.

2.2 Effects of lignocellulosic biomass components @s HTC

2.2.1 Cellulose HTC
Cellulose is a long linear chain polymer of glugoshkich was strung together by 3-
glycosidic linkages. The structure of cellulos@iissented in Figure 2.1. The high degree of
hydrogen bonding between cellulose chains makés@st more stable and resistant to
chemical attack in comparison with hemicellulose.

B

- i3
—O H o 4 H H o o
g CHaOH ° H HO ; gﬁ H%O\
H H 2 H HO
Figure 2.1 Structure of cellulose

Cellulose is converted into bio-oil by HTC throulgydrolysis and decomposition.
Glucose is the main product of cellulose hydrolyBigbleter, 1994). Then, glucose is
decomposed to organic acid (i.e. acetic acid, forwid, lactic acid, levulinic acid), aldehydes
and aromatic chemicals by Retro Aldol reaction, y@htion, Benzilic acid rearrangement and
hydration (Antal et al., 1990a; 1990b; Kabyemelalgt1997;1999; Srokol et al., 2004; Aida et
al., 2007; Takeuchi et al., 2008; Kishida et 800&; Girisuta et al., 2006; Luijkx et al., 1993).
The conversion pathways of cellulose changed waithi@ neutral and alkaline conditions.
Under acidic conditions, 5-HMF (5-Hydroxymethyl-fural) and levulinic acid are the main
products of cellulose HTC. levulinic acid is prodddrom 5-HMF by hydration. Under alkaline
conditions, the main conversion products are forawid, acetic acid and lactic acids, which are
produced from the intermediates glycolaldehydec@igldehydes, and pyruvaldehyde. Under
neutral conditions, both acidic and alkaline pathesist (Yin and Tan, 2012).

When pure cellulose was used as HTC feedstock utttetalyst, it was found to
decompose quickly between 240 and 270°C. The faomaf bio-oil from cellulose HTC
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started at 240°C, and bio-oil yield reached itdhbgg level at 300°C, but then decreased as
temperature further increased. With 5% alkali gastalcellulose is decomposed quickly between
260 and 300°C, and bio-oil yield almost kept constghen temperature was higher than 300°C
(Minowa, et al., 1998a).

2.2.2 Hemicellulose HTC

Hemicelluloses are polysaccharides which are gépéreterogeneous, built up of D-
xylose, L-arabinose, D-galactose, D-glcose, D-maahand uronic acid. Compared with
cellulose, hemicelluloses have a lower degree byinperization. They are largely soluble in
alkali, and also more easily hydrolyzed. Solvolysfisiemicellulose began at 190°C, and it
completely dissolved in the water at 220°C (All¢mle 1996). D-xylose and xylan are alway
used as the model compound to investigate hemicsitHTC (Sasaki et al., 2003nRowska
et al., 2011). They proposed the main reactionveays of hemicellulose HTC as shown in

Figure 2.2.

Xylan
Depolymerization
Acetic acid [+
A 4 Dehydration Degradation
Xylose+Arabinose » Furfurals + 5SHMF » Formic acid
Rero-aldol
condensation
- Tautomerization
Glycolaldehyde | |Glyceraldehyde » Dihydroxyacetone
Dehydration
y
Pyruvaldehyde
Rearrangment
4 dehydration
y

Lactic acid

Figure 2.2 Hydrothermal conversion pathways of xyla
(Pinkowska et al., 2011)
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2.2.3Lignin HTC
The chemical structure of lignin is more compleartitellulose and hemicelluloses. It is
composed of paracoumaryl alcohol, confieryl alcolamld shinapyl alcohol, which were
presented in Figure 2.3. These three units arsiosinked by ether (Bobleter, 1994).

OH OH OH
1 i 3
OH CH, OH CHy OH  CHy

Paracoumaryl alcohol Confieryl alcohoShinapyl alcohol
Figure 2.3 Structure units of lignin
The reaction pathways of lignin were investigatedsupercritical water (Fang et al.,
2008). They proposed that the dissolved lignin Wwamogeneously converted to single-ring
phenolic oil first, which were further hydrolyzedddealkylated into gas, aqueous products and
char. On the other hand, the non-dissolved posiaa converted to gas, hydrocarbons, water-
soluble products, phenolic char and polyaromatiarchia free-radical and concerted

mechanisms or acid-catalyzed decomposition.

2.2.4 Effect of cellulose content on bio-oil production at neutral conditions

Correlations between cellulose content and bigdelld at different reaction temperatures
are shown in Figure 2.4. Research data (Demi2205; Demirbget al., 2005) showed that at
neutral conditions, bio-oil yield generally incredswith increasing cellulose content. However,
correlation coefficient Rof the linear regressions were low, ranging fra66do 0.87 indicating
that there must have some factors other than osButontent affecting bio-oil yield. It is also
evident from Figure 2.4 that reaction temperata@ $ignificant positive effect on bio-oll
production in HTC. As reaction temperature incredsem 277°C to 377°C, bio-oil yield

generally increased from 12% to 28% depending erytpe of biomass.
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Figure 2.4 Effect of cellulose content on bio-oiligld at neutral conditions
(Data were adopted from Demigh@005; Demirbget al., 2005; spruce wood, beech wood,

hazelnut shell, tea waste, and quersus pedunauateused as the HTC feedstock in the

temperature range of 277°C to 377°C without catplys

2.2.5 Effect of hemicellulose content on bio-oil yield at neutral conditions

Correlations between hemicellulose content ancobigield at different reaction
temperatures are shown in Figure 2.5. Research{datairbg, 2005; Demirbget al., 2005)
showed that at neutral conditions, bio-oil yielshgrally increased with increasing hemicellulose
content. However, correlation coefficiertt &f the linear regressions were low, ranging from
0.70 to 0.74 indicating that there must have sam®fs other than hemicellulose content
affecting bio-oil yield. It is also evident fromdtire 2.4 and 2.5 that hemicellulose has similar

effect on lignocellulosic biomass HTC with celluboat neutral condition.
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Figure 2.5 Effect of hemicellulose content on bioHoyield at neutral conditions
(Data were adopted from Demigh@005; Demirbget al., 2005; spruce wood, beech wood,
hazelnut shell, tea waste, and quersus peduncusateused as the HTC feedstock in the

temperature range of 277°C to 377°C without catplys

2.2.6 Effect of lignin content on bio-oil yield at neutral conditions

Lignin is composed of paracoumaryl alcohol, comfiealcohol and shinapyl alcohol.
These three components are cross-linked by etlBoldter, 1994). Compared to cellulose,
lignin content has opposite effect on bio-oil prodlon. Research results showed that bio-oll
yield decreased with increasing lignin content withcatalyst (Demirbaa 2005; Demirbget al.,
2005), which are shown in Figure 2.6 by correlagitwetween lignin content and bio-oil yield.
The correlation coefficients were in the range d@40to 0.96, indicating a strong negative
correlation between lignin content and bio-oil gieln addition, Zhong and Wei (2004) found
that the yield of bio-oil produced from woody biossaHTC generally decreased with increasing
lignin content in the temperature range of 280°G46°C without catalyst. Bhaskar et al. (2008)
also found that cherry with higher lignin contembguced less bio-oil than cypress with lower

lignin content at 280°C without catalyst.
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Figure 2.6 Effect of lignin content on bio-oil yiedl at neutral conditions

(Data were adopted from Demigh@005; Demirbgiet al., 2005; Beech wood, spruce wood,
quersus pedunculate, hazelnut shell and tea wastkas feedstock in the temperature range of
277°C to 377°C without catalyst)
The above analyses indicate that cellulose ratiem tignin in lignocellulosic biomass

dominates bio-oil production at neutral conditiobiginin is difficult to be converted into bio-oil
at neutral conditions due to its thermal stabiityd complex structure. Lignin is physically and
chemically stable until high temperatures above °@5@Bobleter, 1994), which was also
confirmed by some other researchers that the deasitign of lignin or lignin rich biomass in
HTC was relatively less than cellulose or cellulasé biomass (Bhaskar et al., 2008; Kamag
et al., 2005c).

2.2.7 Effect of cellulose content on bio-oil yield at alkaline conditions

At alkaline conditions, the effect of cellulose temt on bio-oil yield becomes more
complex as compared to that at neutral conditi®hs.relationship between bio-oil yield and
cellulose content depends on the type of biomasisteck. For low cellulose content
(30%~40%) biomass, bio-oil yield decreased withr@asing cellulose content. In contrast, bio-
oil yield increased as cellulose content incredsedtligh cellulose content biomass (40%~55%).
Correlations between bio-oil yield and cellulosatemts are shown in Figure 2.7. Although
general trends seem cleaf, &t linear regressions were low (0.52 and 0.64duar cellulose and
high cellulose content biomass feedstocks, resgadg}i indicating that there must have some

other factors affecting bio-oil yield.
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Figure 2.7 Effect of cellulose content on bio-oiligld at alkaline conditions
(Data were adopted from Minowa et al., 1998b.eXiberiments were operated at 300°C with

5% sodium carbonate)

2.2.8 Effect of hemicellulose content on bio-oil yield at alkaline conditions

At alkaline conditions, the relationship betweemieellulose content and bio-oil yield is
totally different from that at neutral conditiorofboth low cellulose content biomass and high
cellulose content biomass, bio-oil yield decreas#ll increasing hemicellulose content, which

is shown in Figure 2.8.
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Figure 2.8 Effect of hemicellulose content on bioHoyield at alkaline conditions
(Data were adopted from Minowa et al., 1998b. Aperiments were operated at 300°C with 5%

sodium carbonate)
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2.2.9 Effect of lignin content on bio-oil yield at alkaline conditions
At alkaline conditions, the relationship betweeagnin content and bio-oil yield is totally

different from that at neutral conditions. A studiiowed that bio-oil yield increased with
increasing lignin content at alkaline conditionsirfbiva et al., 1998b) which is presented in
Figure 2.9. The high values of Rabout 0.95) indicate a strong positive corretatietween
lignin content and bio-oil yield. This was also Gianed by others. For example, Zhong and Wei
(1994) found that the maximum bio-oil yields of fokinds of woody biomass generally
increased as lignin content increased with 10wt%algst over 280°C. Bhasker et al. (2008)
found that cherry with higher lignin content proddcmore bio-oil than cypress with lower
lignin content at 280°C with alkali catalyst.

40 - A Low cellulose content biomass

W High cellulose content biomass
= 357 R’=0.9468
S
L=
2 30 -
6
)
m 25
R’ =0.9514
20 T T T T

10 15 20 25 30 35 40 45 50 55
Lignin content(%)
Figure 2.9 Effect of lignin content on bio-oil yiell at alkali conditions

(Data were adopted from Minowa et al., 1998b. Aperiments were operated at 300°C with 5%
sodium carbonate)

It can also be seen from Figure 2.9 that bio-alds obtained from high-cellulose
content biomass were higher than those from lowtosle content biomass at the same lignin
content, which cannot be explained by the solecetiecellulose content. This is possibly due to
the difference in the physical structure of the tategories of biomass feedstocks. Low-
cellulose biomass (e.g., leaves) may have a cs#dlignin structure that is difficult to be broken
up at alkaline conditions for bio-oil formation. @hmay also contain cellulose and/or lignin that

are not appropriate for bio-oil production. Vicese, high-cellulose biomass (e.g., hard wood)
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may have a physical structure or cellulose/lighiat tare suitable for bio-oils. More
investigations are needed to understand these piera

The effect of cellulose, hemicellulose and lignamtent on bio-oil production via HTC
summarized above is based on a few researcheght be just fit for special conditions. Thus,
more work needs to do to figure out the commoruatice. In addition, there is little literature
on interactions between cellulose-derived chemj¢emicellulose-derived chemicals and
lignin-derived chemicals. Thus, the decompositiehdviors of cellulose, hemicelluloses, lignin,
and many kinds of natural lignocellulosic biomask e studied in this project.
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Chapter 3 - Hydrothermal Conversion of Corn Cobs ad Crude

Glycerol*

Abstract

The effect of operating parameters including resctemperature, retention time,
biomass content, and catalyst loading on bio-@ldyfrom hydrothermal conversion of corn
cobs was investigated. The highest bio-oil yiel@88% on the basis of biomass dry weight was
obtained at 305°C, 20 min retention time, 10% bissnaontent, and 0.5% catalyst loading on a
total reactant weight basis. At selected condititims effect of crude glycerol on bio-oil yield
and quality was studied. Bio-oil yield based onttital weight of corn cobs and crude glycerol
remained almost constant at approximately 24% wvihematio of crude glycerol/corn cobs was
below 3. When more crude glycerol was added, higieid dramatically increased to 36.3%; H
molar percentage in the gas product increased IrbiiPb to 27.5% as the crude glycerol/corn
cobs ratio increased from 0 to 5. Bio-oil qualitytérms of density and viscosity was also

enhanced; however, oxygen content in bio-oil ineegafrom 15.5% to 19.9%.

* Results have been published.

Gan, J., Yuan W., Nelson N. O., Agudelo S. C. 203yirothermal conversion of corn cobs and crudeegiyl.
Biological Engineering 2(4):197-210.
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3.1 Introduction

Hydrothermal conversion (HTC), also called hydrothal/direct liquefaction or
hydrothermal upgrading/depolymerization, is a ping method for converting biomass into
bio-oil. It is a chemical reforming process in whiiarganic matters are depolymerized and
reformed in a heated, pressurized, oxygen-freeosnct. The process is usually conducted under
elevated pressure (700 to 3,000 psi) and at losvapéeratures (200°C to 400°C) than other
thermochemical conversion methods, such as gasificand fast pyrolysis. Use of water as a
solvent in HTC obviates the need to dry biomassparthits reactions to be carried out at lower
temperatures. Moreover, both dry and wet biomasdeaused as feedstock in HTC. The
primary product of HTC is an oily organic liquidlieal bio-oil or bio-crude, and the main by-
products are solid residue (also called bio-clagqiieous products, and gases. Bio-oils can be
used as a fuel for burners, boilers, stationargaliengines, or turbines (Czernik and Bridgwater,
2004). They may also serve as a starting matenaldluable petroleum-based fuels (e.g.,
gasoline and diesel) and products such as polymem)atics, lubricants, and asphalt (Zhang et
al., 2007; Peterson et al., 2008). For comparismnpils can also be made by fast pyrolysis,
which occurs at atmospheric pressure under higimepeératures (~500 °C) with short residence
times (<2 s). Although fast pyrolysis oils have #tvantage of short residence times and lower
capital costs (Huber et al., 2006), oils produgedhfHTC typically have more desirable
gualities than fast pyrolysis oils. As shown in TEab.1, HTC oils typically have much lower
oxygen and moisture contents, and consequently thigher energy value and better stability, as
compared to oils from fast pyrolysis. Moreover,idgythe feedstock is not needed in HTC,
which makes it especially suitable for naturallytwehigh moisture content biomass.

Corn-based products or by-products are usuallyoa gource for second generation
biofuels production because corn is one of the madly planted crops in the world. Annual
worldwide corn production is about 6.95 x"1Rg, and approximately 50% of that is produced
in the United States, mostly in the central stéf&g0, 2008). Corn cobs are an important by-
product of corn production. About 18 kg of corn s@e produced from every 100 kg of corn
grain (Chiellini et al., 2009). Although corn cafave been studied as a feedstock for HTC (Yu
et al., 2007; Zhang et al., 2008), bio-oil prodoctirom corn cobs HTC has not been fully
investigated or optimized. Considering that theédyand quality of bio-oil are strongly
dependent on factors such as feedstock charaatgrigperating temperature, retention time, and
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biomass content, it is necessary to study how tfaeders can affect bio-oil production via HTC
processes.

Bio-oils obtained from biomass HTC are usually veiscous, which makes them
difficult to transport, handle, and use. Reseacharve generated bio-oils with low viscosity and
high yield by using organic solvents such as etiogtate (Demirbas, 2000a), acetone (Heitz et
al., 1994; Liu and Zhang, 2008), 2-propanol (Oailet1994), and butanol (Ogi and Yokoyama,
1993), but these solvents are expensive. Glycarmbe used as an organic solvent for biomass
delignification (Demirbas, 1992; 2008; Demirbas &@wslik, 2005; Kucuk, 2005) and to
significantly improve the performance of liquefactiin the conversion of biomass into bio-oil
(Demirbas, 2000b; Xiu et al., 2010). Crude glycesa low-value by-product of biodiesel
production and is sometimes treated as a wasteaojpately 0.8 Ib of crude glycerol is made
for each gallon of biodiesel produced. Becauséetapid growth of the biodiesel industry, the
guantity of crude glycerol produced is becomingsiderable (e.g., >200 million Ib per year);
treatment and possible use of this by-product@ies of urgent importance.

With the final goal of improving the yield and qifrglof bio-oil from HTC of corn cobs,
the objective of this study was to understand ffexceof HTC operating parameters including
reaction temperature, retention time, and biomasgeat and using crude glycerol as an organic
solvent on bio-oil production from corn cobs. Thierk is distinguished from previous work on
corn cobs HTC (Yu et al., 2007; Zhang et al., 2088hat the bio-oil yield instead of
liquefaction yield was studied under various opagatonditions. Liquefaction yield simply
calculates the fraction of biomass that is conweiriéo liquid products, which does not reflect
how much bio-oil is actually made. In this studygjar products including bio-oil, biochar, and
gas were separated and characterized. Moreovele giycerol was used as a unique solvent and

feedstock for bio-oil production.
3.2 Materials and Methods

3.2.1 Materials
Commercially available corn cobs were obtained fiaytee Products, Inc. (Chilton,
Wisc.). Before the experiments, corn cobs were mgian a rotary cutting mill (model SM2000,
Retsch, Inc., Newtown, Pa.) with a 1.0 mm screemrdler to keep all samples free of moisture,
corn cobs were dried at 49°C overnight before gnigénd HTC experiments.
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Crude glycerol was made via transesterificatiofoofl-grade vegetable oil in the
laboratory. A premixed solution containing 7 g dd®H and 200 mL of methanol was added to
each liter of oil. The mixture was continuouslytatgd and heated (50°C) for 1 h. The products
(biodiesel and glycerol) were transferred to a sspgg funnel and let stand for 5 h for more
complete reaction and separation. Crude glycertiiérbottom layer (pH ~9) was then drained
from the funnel and used in the experiments. Salfstale biodiesel production and glycerol
separation processes are commonly used (ThompsiHe2006; Coronado et al., 2008) and
generate a crude glycerol that contains 63 to 68 glycerol (from pure vegetable oils), with the
rest being mainly soap, methanol, and small amaafitatalyst whose concentrations may vary
(Thompson and He, 2006; Xiu et al., 2010).

3.2.2 Biomass chemical composition analysis

Compositions of corn cobs were determined accortdiigboratory analytical
procedures developed by the National Renewableggriexboratory (Sluiter et al., 2005; Sluiter
et al., 2008). All data are on the biomass dry Welsis. Briefly, after water and ethanol
extraction, the sample was soaked in 72% sulfwit at 30 °C for 1 h with constant stirring,
followed by dilution to a 4% acid solution and hegtfor another hour at 120 °C. The aqueous
products and solid residue of the pretreatmentga®uvere separated by vacuum filtration. The
filtrate was adjusted to neutral by calcium carlienthen the sugar contents of the filtrate were
measured by high-performance liquid chromatogrgftnymadzu, Kyoto, Japan), and acid-
soluble lignin content in the filtrate was detecbgda UV-visible spectrophotometer (BioMate 3,
Thermo Electron Corporation, Madison, WI). The doésidue was dried and combusted. The
weight difference between the dry residue and catitru residue was reported as acid-insoluble
lignin. Corn cob contains 35.6% cellulose, 29.9%iovellulose, 14.2% lignin, and 12.8%

extractive.

3.2.3 Apparatus and process
A 1.8 L high-temperature high-pressure reactor @d878, Parr Instrument Co.,
Moline, Ill.) equipped with a magnetic stirrer, gentine cooling colil, reflux/take-off condenser
assembly, and bottom drain valve was used forxgkéements. The reactor was made of T316

stainless steel with an extreme operation capgloifit,000 psi and 500°C.
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In a typical HTC experiment, the reactor was loadétd 500 g of reactants, which
included corn cobs, catalyst (sodium hydroxide)puieed water, and crude glycerol (if
applicable). The dosage of each reactant depemdbtmass ratio and solvent ratio. The
reactor was then sealed and flushed with nitrogenfgr a few minutes to remove air. After
being flushed, the reactor was initially pressuti® approximately 100 psi by using a high-
pressure nitrogen gas cylinder and heated to thieedetemperature. The desired operating
temperature was kept constant for the desiredtietetime. Afterward, the reactor was cooled
to room temperature with cooling water. Initial &mdhl temperature and gauge pressure were
monitored and recorded before heating and aftdirgpd typical temperature profile when the
reactor is loaded with 50 g biomass and 450 g watgnown in Figure 3.1. It can be seen that it
generally takes 2 h for the reactor to be heat&5@5C during the heating cycle and nearly 2.5h

to return to room temperature during the coolingey

Retention
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E e gfeiet
350 5
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300
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Figure 3.1 Temperature profile for hydrothermal canversion

The procedure for product separation is illustrateligure 3.2. First, gaseous products
were vented or collected in sampling bags for aislyf no floating bio-oil was produced, the
solid and aqueous products were separated bytibitrand collected from the reactor. The solid
products along with water-insoluble products attatchn the wall of the reactor and the cooling
coil, dip tube, stirrer shaft, and stirrer blade=revdipped in acetone for 1 h and then separated
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by vacuum filtration with Whatman No. 1 filter pap€25um nominal pore size). The solvent-
soluble portion was then evaporated in a rotarperator at 60°C to remove solvent (Xiu et al.,
2010). The remaining product was solvent-solubb/gi®il. The solvent-insoluble portion was
oven dried to obtain residual solid, called bio+chifloating heavy bio-oil was generated, the
oil was decanted before separation of residuatis@id liquid products. The following
separation process was the same as that withaiinigpbio-oil. The aqueous products were not
considered as bio-oil and were not separated oacteized in this study. All experiments were

performed in duplicate, and data were expressedesge values.

(Gag

L J

Products of biomaszs HTC

No

Floating bio-o0il?

Decanting
¥ 1

Floating bio-oil Liquid and solid products ’

Filtration
L J

Liquid products Solid products

Organic extraction Chrganic extraction

L L Jr

Aqueous products Water soluble bio-oil Residual golids Heavy bio-oil

Figure 3.2 Procedure for hydrothermal conversion poduct separation
Definitions of bio-oil and yield measurement methaliffer among laboratories.

Sometimes liquefaction rate is used; in other casater-soluble light oil, water-insoluble heavy

oil, free-floating oil, or their combinations amken into account. In this article, the term “bio-
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oil” refers to water-insoluble heavy oil and floagioil when applicable. Yields of products were

defined as follows:
Gas+Aqueous product yield (%) =

Weight of (feedstock-char-biooil) x100% (3-1)
W eight of (corn cobs+crude glycerol)
Bio-oil yield (%)=
W eight of bio-oil 100% (3-2)
Weight of (corn cobs+crude glycerol)
Char yield (%)=
W eight of char (3-3)

, x100%
Weight of( corn cobs+crude glycerol)

3.2.4 Product analysis

Gas in the reactor was collected from the outlehefsampling valve with a 500-ml
Tedlar sampling bag (CEL Scientific Corporationnt@aFe Springs, CA). Molar concentrations
of Hy, CO,, CO, and Chlwere analyzed using an SRI 8610s gas chromatogguapped with a
thermal conductivity detector and a HAYESEP T 908lumn (SRI Instruments, Torrance,
CA). Helium was used as the carrier gas. Tempeargtrogrammed step-heating was performed
as follows: 30°C for 2 min, then 10°C/min to 120&0d 120°C for 2min. The elements of bio-
oil (CHNOS) were determined by Columbia Analyti€arvices (Kelso, WA) via standard
Ultimate analysis.

Four char samples were collected from independ@@ experiments conducted at
selected conditions and analyzed for chemical corapts. Total P, K, Ca, Mg, S, Fe, Mn, Zn,
and Cu were determined in char through BN®H,0, digestion according to EPA method SW-
848 3050B (USEPA, 1996). Each char was analyzedtitines with 95% confidence intervals
of < 10% for the duplicate analysis of all elemgrt$% for most). The digest solution was
analyzed with inductively coupled plasma opticaission spectroscopy. Total C and N in the
char were determined through combustion with anlEA0 CN elemental analyzer (CE
Instruments, Rodano, Italy). Three samples of agsi@ooducts and feedstock were similarly

analyzed for total elemental analysis.
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3.3 Results and Discussion

3.3.1 Effect of operating temperature

Operating temperature is one of the most impofeators in HTC. In this experiment,
HTC of corn cobs without crude glycerol was condddbr 40 min with 20% corn cobs (total
reactants weight basis; biomass + water + catedyst)2% sodium hydroxide (biomass dry
weight basis). When operating temperature increfrsed 280°C to 350°C, the corresponding
pressure in the reactor increased from 1210 to p8R0rields of products are presented in
Figure 3.3. Bio-oil yield initially slowly increaslewith increasing reaction temperature and then
slightly decreased when reaction temperature isectéurther. Other researchers have also
observed similar phenomenon when woody biomass€Oaji, 1994; Qu et al., 2003; Zhong
and Wei, 2004; Qian et al., 2007; Liu and Zhan®&Xu and Lad, 2008), rice straw (Yuan et
al., 2007), cellulose (Minowa et al., 1998), al¢@kou et al., 2010; Brown et al., 2010; Jena et
al., 2011), secondary pulp/paper sludge (Xu anccaster, 2008), swine manure (He et al.,
2001) and cattle manure (Yin et al., 2010) weralws=feedstock. This result should be
interpreted as a competition between depolymearaind repolymerization or condensation
during HTC. As temperature increases, depolymeozaif the polymers into a liquid oil-rich
phase would become possible. But as temperatutefuncreased, the bio-oil yield began to
decrease duo to the formation of char by repolyragion/ condensation of bio-oil (Xu and
Lancaster, 2008) and gas production from bio-eist reforming (Aktaet al., 2009; Xu and
Lancaster, 2008; Jena et al., 2011; Zhou et alQR0

As temperature increased from 280°C to 320°C, gdsagueous products yield
increased from 57.4% to 62.3%, but char yield desed from 16.6% to 10.2%. However, when
reaction temperature further increased from 32@°850°C, yield of gas and aqueous products
decreased to 62.1% but char yield increased t@20T®ese results indicate that the
intermediates were repolymerized into char at higdgy@peratures. Similar phenomenon was
also observed by other researches (Xu and Lanc26@8; Zhong and Wei, 2004). In this study,

the maximum bio-oil yield of 28.1% was obtainedataction temperature of 305°C.
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Figure 3.3 Effect of reaction temperature on corrcob hydrothermal conversion
(20% corn cobs, 2% sodium hydroxide, 40 min, 12127420 psi)

3.3.2 Effect of retention time

In this experiment, HTC of corn cobs without crgigcerol was conducted at 305°C
with 20% corn cobs and 2% sodium hydroxide. Thessmponding pressure increased from 1560
to 1680 psi. Effects of retention time on produelds are shown in Figure 3.4. Gas and agueous
products yield increased from 56.2% to 63.9% wletention time increased from 10 min to 60
min. However, char yield decreased from 18.6% t@%Bwhen retention time increased from 10
min to 30 min and then slightly decreased whemtete time increased further. Oil yield did
not change significantly although the maximum all¢ of 28.2% was obtained at 20 min. Bio-
oil yield seemed to slightly decrease at a proldmggention time, which could be explained by
the cracking of bio-oil or intermediate productggses and formation of chars by condensation,

cyclization, and repolymerization (Xu and Etcheye®008; Li et al., 2009).
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Figure 3.4 Effect of retention time on corn cob hgrothermal conversion
(20% corn cobs, 2% sodium hydroxide, 305°C, 1560a30 psi)

3.3.3 Effect of biomass content

In this experiment, the reactor was loaded with §@ reactants, which included corn
cobs, catalyst (sodium hydroxide), and deionizetew@iomass content (5% to 20%) was
determined based on total reactants weight, and&&byst loading on the biomass dry weight
basis was used. When biomass content increaseet, eaattent decreased. The reaction
conditions were set at 305°C for 20 min retentioret The effect of biomass content on product
yields is shown in Figure 3.5. When biomass contareased from 5% to 10%, gas and
agueous products yield decreased from 70.7% td&&arid bio-oil yield increased from 26.2%
to 31.8%. As biomass content further increasedagdsaqueous products yield and bio-oil yield
changed only slightly. Char yield steadily increhf®m 3.2% to 15.1% when biomass content
increased from 5% to 20%. It is speculated thatbdrigvater content improves gas and aqueous
products formation and biomass depolymerizatiod,\ace versa. Previous researchers reported
that liquefaction yield decreased as biomass comnereased because of the decreasing water
content (Aida et al., 2002; Park and Gloyna, 19a&usumura et al., 1999; Yu et al., 2007). In
this study, the highest bio-oil yield of 31.8% wadxtained at 10% biomass content.

However, different conclusions were obtained byeotiesearch. When woody biomass
HTC occurred at neutral condition, similar phenoorewas observed in the temperature range
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of 340 to 360°C. Bio-oil yield increased firstlydgthen decreased as woody biomass content
increased from 7.4% to 11%. However, bio-oil yiditreased with increasing biomass content
at low temperature820°C) (Qu et al., 2003). When secondary pulp/pahegige powder was
used as feedstock at 280°C without catalyst, Higteld increased as biomass content increased
from 4.8% to 16.7% (Xu and Lancaster, 2008). Ftttecananure, bio-oil yield decreased as
biomass content increased t015.8% (Yin et al., 2MOwever, biomass content had no
significant effect on bio-oil yield as algae coriteras more than 20% at 350°C without catalyst
(Jena et al., 2011). The effect of biomass corderiiio-oil yield depended on biomass species
and operating conditions.
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Figure 3.5 Effect of biomass content on corn cobyldrothermal conversion
(2% sodium hydroxide, 305°C, 20 min, 1450 to 1p&i)

3.3.4 Effect of catalyst loading
In this experiment, the reactor was loaded with §@® reactants, which included 50 g
corn cobs (10% biomass content on a total reaataight basis), 0 to 20% sodium hydroxide as
catalyst (on biomass dry weight basis), and deahizater (changed accordingly with catalyst
loading). The reaction conditions were set at 3D3dt 20 min retention time. Catalyst loading
had significant effect on bio-oil yield as showrFigure 3.6. Without catalyst, the bio-oil yield
was low as 13.1%. When catalyst loading increaséd4, the bio-oil yield sharply increased to

33.8%. Research showed that the alkali cataly#biteldl the formation of char from bio-oil

38



(Karagoz et al., 2006; Minowa et al., 1998). Thuis;0il yield increased as catalyst loading
increased to 5%. However, the bio-oil yield deceglashen catalyst loading further increased,
which might due to the enhanced cracking and dettigalr of the bio-oil to gases and water
soluble products with excessive alkali catalysthis study, the highest bio-oil yield of 33.8%
was obtained with 5% catalyst loading on a bionulrgsveight basis or 0.5% on a total reactants
weight basis. Similar results were reported in ey studies on the woody biomass HTC with
alkali catalyst (Ogi et al., 1985; Karagtz et 2006; Bhaskar et al., 2008), as well as sewage
sludge (Yokoyama et al., 1987; Suzuki et al., 1988 barley stillage (Dote et al., 1991).
However, Alkali catalyst had little catalytic eftemn bio-oil production from alage HTC,
because alage contained a considerable amountlioisg¢Dote et al., 1994; Minowa et al.,
1995; Zhou et al., 2010).
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Figure 3.6 Effect of catalyst loading on corn cobydrothermal conversion
(305°C, 10% biomass content, 20 min, 1470 to Jsip

3.3.5 Products under selected conditions
Products of corn cob hydrothermal conversion olthiat 305°C reaction temperature for
20 min retention time with 10% biomass contentgddotal reactant weight basis) and 2%
catalyst loading (on biomass dry weight basis) veer@yzed in this section. At these conditions,
gas and aqueous products, bio-oil, and char yigts 63.3%%, 33.8%, and 2.9%, respectively.
The main elements in bio-oil obtained at the selkcbnditions were C, H, and O
(77.5%, 8.44%, and 13.76% weight percentage, réspsg. Elliott and Schiefelbein (1989)
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found 72.6% C, 8.0% H, and 16.3% O in high-prestqueefaction bio-oil. The bio-oil in our
study contained slightly higher C but lower O, @grf because we used different feedstock and
operating conditions.

Applying the char or aqueous product to soils frehich the feedstock was removed can
potentially return nutrients and C, thus avoiding degradation from biomass removal and
potentially increasing C sequestration. The cotraéion of all elements except K was greater in
the char than in the feedstock (Table 3.1). Patassvas contained primarily in the aqueous
products along with small amounts of other nutser®ther studies have also shown that the
majority of nutrients from the feedstock are coraged in char (Mullen et al., 2010). Char C
content in the present study was relatively higmgared with that observed in other studies,
which has ranged from 390 to 820 g Cllahar depending on feedstock and combustion
processes (Mullen et al., 2010; Gaskin et al., 208&cause of its high C content, char from
HTC may be beneficial for C sequestration if lap@laed (Laird, 2008), but this would be
dependant on long-term stability of the char-b&8edecause nutrients are concentrated in the
char, it may be a beneficial nutrient source dependn availability of the nutrients once char is
placed in soil.

Table 3.1 Chemical content of feedstock (corn cobspmpared with that of char and
agueous products resulting from HTC at 305°C, 20 mi retention time, 10% biomass
content, and 2% catalyst loading

cAl | N | p K Ca Mg S Fe| Mn| Zn| Cu
feedstock 442| 5.8| 332| 6,848 135 253 179 19 4/513.1| 1.6

char 811 6.9 937 899 1,191 486 575 164 55,1161 24.3
aqueous 19| 0.6 33| 2,081 31 43 30 85 0.0 3.9 0.0
@' C and N are in units of g Kgall other chemicals are in units of mg'kg

Gas obtained at the selected conditions contaiadzbo dioxide, carbon monoxide,
hydrogen, and methane. Carbon dioxide was the dorhgas (80.9% mole percentage),
followed by hydrogen (11.1%) and carbon monoxid&%a). Methane was the least prevalent
gas (0.47%).

3.3.6 Effect of crude glycerol
Glycerol is a trihydric alcohol that boils with deaposition at 290°C under normal
pressure and is miscible with water and ethanatryRend Green, 1997). Experiments in this

portion of the study were all conducted at 305°&:tien temperature, 20 min retention time,
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10% biomass content (on a total reactants weigsishand 2% NaOH (biomass dry weight
basis). Less catalyst was used duo to the alkadiecglycerol. Water was substituted with an

equivalent amount of crude glycerol. The ratio lgtgrol to corn cobs increased from 0 to 5.

3.3.6.1 Effect of crude glycerol on product yields

When crude glycerol was used as feedstock withowurt cobs, only aqueous and gaseous
products were produced. Kishida et al. (2005) amehSet al. (2009) studied HTC of glycerol
with an alkaline catalyst. They found that glycesals easily converted into lactic acid,
pyruvaldehyde, acetic acid, and formic acid by laleaHTC at 300°C, and a very high lactic
acid yield of 90% was obtained. No heavy oil wasdpiced from glycerol-only HTC because
final products are water soluble short-chain chatsic

The effect of crude glycerol on product yields aveights is shown in Figure 3.7. The
weight of bio-oil increased as the increasing rafiorude glycerol/corn cobs, which indicates
that crude glycerol also contributed to bio-oilrf@tion in the HTC process. However, crude
glycerol had no significant effect on bio-oil yielthen the ratio of crude glycerol/corn cobs was
below 3. Then, bio-oil yield dramatically increaged36.3% when the ratio increased to 4 or
above. The reasons for the rapid rise of bio-@ld/at high crude glycerol/corn cobs ratios are
not clear. One possible explanation is that whedeglycerol concentration is high enough
(e.g. at crude glycerol/corn cobs ratios of 4 aned), it might serve as a solvent or delignifier to
damage/destroy the physical structure of the bisraad consequently enhance bio-oil yield.
The water-soluble intermediates of glycerol anchambs HTC might also cross-react with each
other. Such interactions might improve bio-oil fation when appropriate amounts of crude
glycerol are used. This hypothesis was testeddnug different biomass, swine manure, in
studies performed by Xiu and colleagues, who faitnadi cross-reactions between swine manure
and crude glycerol significantly affected the HT©gess (Xiu et al., 2011) and use of crude
glycerol dramatically increased bio-oil yield (Xt al., 2010). Although corn cobs are different
from swine manure, a similar effect of crude glypten the HTC process may exist and needs to
be further investigated.

No solid residue or char was found when crude gblogas used, which implies that
crude glycerol improved the conversion of corn cdbmmirbas (1985) also found that the
liquefaction yield of wood was 100% at temperatesater than 600 K when glycerol was

used. Glycerol used as an organic solvent impréwethass liquefaction via dilignification
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(Demirbas and Celik, 2005; Kicik, 2005). In additionlike the bio-oil produced without crude
glycerol, the bio-oil produced with crude glyceflolated on the aqueous products and showed
better flowability at room temperature based onahservation. This indicates that use of crude
glycerol decreased the density and viscosity obibeoil, thus improving oil quality.

80 500

70 450

400
. 604 ield Weight =
E—E— <y 4 Gas and agueous products -+ 350 =
g O M Bl 1 300 &
2 2
~ 407 A A char = - 4 250 =
s 20, .- “ ~E 200 g
=] . 3
> ==sE--E--"0 + 150 9
a 20 = 4 150 8

50
0

Glycerol/Corn Cobs

Figure 3.7 Product distribution of hydrothermal conversion of corn cobs with crude

glycerol at the selected operating conditions

3.3.6.2 Effect of crude glycerol on gas composition

The gas produced consisted mainly of carbon digXigdrogen, carbon monoxide, and
methane. Mole percentages of the gas are showigune=3.8. Carbon dioxide decreased from
80.9% to 61.2% as the ratio of crude glycerol/amhs increased from 0 to 5. Other researchers
also found that HTC produced carbon dioxide inghe (Yu et al., 2007; Zhang et al., 2008;
Minowa et al., 1998), which might result from deggpation reactions in HTC. Crude glycerol
had no significant effect on carbon monoxide antharge yields. The mole percentage of
carbon monoxide ranged from 8.4% to 11.4%. The meteentages of methane in all
experiments were less than 1%. The mole percenfdgalrogen increased from 11.1% to
27.5% as the ratio of crude glycerol to biomassaased, which is consistent with results from
Kishida et al. (2005). They found that a large amai hydrogen was formed in a hydrothermal

reaction of glycerol with NaOH.
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3.3.6.3 Effect of crude glycerol on bio-oil elements

Bio-oil produced from corn cobs and crude glycét®lC contained mainly C, O, and H
(Figure 3.9). As glycerol/corn cobs ratio increafedh 0 to 5, the amount of H did not change
significantly. Carbon decreased from 77.5% to 65.8¥ereas O increased from 13.8% to
19.9%, resulting in greater ratios of O/C. It idMk@own that bio-oil heating value decreases as
oxygen content increase (Kotz and Treichel, 1998;2000; Xiu et al., 2010). Thus, crude
glycerol had a negative effect on bio-oil qualitgrh the standpoint of oxygen content and

heating value.
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Figure 3.9 Effect of crude glycerol on bio-oil elments at the selected operating conditions
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3.4 Conclusions

Without adding crude glycerol, maximum bio-oil yledf 33.8% was obtained at 305°C
reaction temperature, 20 min retention time, 10éfriaiss content, and 0.5% catalyst loading (on
total reactants weight basis). The effect of crglgeerol on corn cob HTC was investigated at
305°C for 20min with 10% corncobs and 0.2% catdlyastiing. Bio-oil yield based on the total
weight of corn cobs and crude glycerol almost re@aiconstant when the ratio of crude
glycerol/corn cobs was below 3 but dramaticallyéased to 36.3% when the crude glycerol
ratio increased to 4. Hn the gas product also increased from 11.1% t6%7as the crude
glycerol to biomass ratio increased from 0 to Sadidition, the bio-oil with better flowability
floated on the aqueous products once crude glygaasladded, indicating reduced oil density
and viscosity, and thus better quality. As the erglycerol to biomass ratio increased from 0 to
5, oxygen content in bio-oil increased from 13.824.9.9%, carbon decreased from 77.5% to
65.8%, and hydrogen had no significant change. ;T¢rusle glycerol had at least two effects on
biomass HTC: It increased bio-oil yield and quaiityerms of low viscosity and density, but the

oxygen content of bio-oil slightly increased as enorude glycerol was used.
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Chapter 4 - Operating Conditions Optimization for Bio-oil

Production from Corn Cobs Hydrothermal Conversion

Abstract

The effects of reaction temperature, retention tiph@mass content, and catalyst loading
on bio-oil yield, carbon content, and carbon recgwd corn cobs hydrothermal conversion were
investigated and optimized via response surfacéodetogy. Higher bio-oil yield and carbon
recovery could be obtained at low temperature liortsretention time with high biomass content
and moderate alkaline catalyst loading. A maximuoadil yield of 41.3% was obtained at
280°C, 12min, 21% biomass content, and 1.56% csttidgding. A maximum carbon recovery
of 25.2% was observed at 280°C, 12min, 21% bioroastent, and 1.03% catalyst loading. Bio-
oil carbon content was only affected by temperasume biomass content. A highest bio-oll
carbon content of 74.8% was produced at 340°C 9¥thbiomass content. The predicted bio-oll
yield, carbon content and carbon recovery wereigoetl well by the validation experiments. 2-

Ethylhexyl mercaptoacetate and 1-Hexanol, 2-ethgre the dominant compounds of bio-oil.
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4.1 Introduction

Biofuels have attracted more and more attentidherpast decades due to the depletion
of crude oil and carbon dioxide emission from fogl combustion. However, the
sustainability of the first generation biofuelsdatcane ethanol, starch-based or ‘corn’ ethanol,
biodiesel and pure plant oil) has faced heavyatsitn because they might endanger food
production (IEA, 2010). Therefore, the second gatien biofuels produced from lignocellulosic
biomass is a good option, which also called ligtlatssic biofuels. They do not compete with
food production, and have abundant feedstock.dn§, about 1.3 billion dry tons of
lignocellulosic biomass can be sustainably prodwasedially (Perlack et al., 2005).

Hydrothermal conversion (HTC) is a promising methimd convert lignocellulosic
biomass to the second generation biofuels or véuathemicals, in which biomass is
depolymerized to gaseous, aqueous, bio-oil (orrbde), and solid products in a heated,
pressurized, and oxygen-free reactor at the presehwater or other solvents. Compared with
other thermochemical conversion technologies, besification and fast pyrolysis, HTC is
conducted at lower temperature, and does requadsteck drying owe to the use of water or
solvents. Important chemicals, like furans, pheragtic acid, and levulinic acid can be
separated from HTC aqueous products (Luo et alD28hen et al., 2011; Wang et al., 2012).
HTC bio-oil can be used as a fuel for stationarysdl engines, burners, boilers, or turbines
(Czernik and Bridgwater, 2004), or further upgradiediquids similar to diesel and jet fuel via
hydrodeoxygenation (Demirbas, 2011). It also camvesas a starting material for valuable
chemical products such as polymers, aromaticsjclas, and asphalt (Peterson et al., 2008).
Furthermore, HTC oils typically have much lower gegyp and moisture contents, higher
hydrogen content, and consequently much higheirgeatlue than pyrolysis oils (Huber and
Dumesic, 2006).

Dedicated energy crops and residues are the migarées of feedstocks for
lignocellulosic biofuels production (IEA, 2010). @eersion of agricultural residues to biofuels
offers major energy security, environmental, amdtegic benefits because they are compatible
with food production. In addition, production otts@d-generation biofuels based on agricultural
residues would add value to the agricultural bydpiats, and then could be beneficial to farmers.
Currently, around 5.1 billion dry tons of agricutiiresidues are produced globally (IEA, 2010).
Corn cobs are usually a good source for secondgegore biofuels production because corn is
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one of the most widely planted crops in the wo@ldrn cobs are an important by-product of corn
production. Every 100 kg of corn grain can prodabeut 18 kg of corn cobs (Chiellini et al.,
2009). Annual worldwide corn production is abo@%x 16* kg, and approximately 50% of

that is produced in the United States, mostly endéntral states (FAO, 2008).

The effects of operating conditions including tenapere, retention time, biomass
content, and catalyst loading on gaseous, aquaadssolid products production from corn cobs
HTC have been studied (Yu et al., 2007; Zhang.eP808). However, the optical operating
conditions for bio-oil production from corn cobs BBRnd the interaction effects between these
factors have not been fully investigated. Respanstace methodology (RSM) is an effective
optimization tool to identify the effect of manyctars and their interactions on the response
using relatively few experiments. The objectiveshod study are to optimize the operating
conditions including temperature, retention timepass content, and catalyst loading on bio-oil
production from corn cobs HTC via RSM in terms wf-bil yield, bio-oil carbon content, and

carbon recovery, and to investigate the interastlmetween these factors.
4.2 Materials and Methods

4.2.1. Materials
Commercially available corn cobs were obtained fimytee Products Inc. (Chilton,
WI) and ground using a Retsch SM2000 rotary cuttmig (Retsch Inc., Newtown, PA) with a

1.0 mm screen. Before experiment, the ground colos evere dried at 105 °C for 24h.

4.2.2 Apparatus and process

A 1.8 L Parr model 4578 high-temperature high-puesseactor (Parr Instrument
Company, Moline, IL) was used for all experimemtsa typical HTC experiment, the reactor
was loaded with 500 g of reactants, which includeah cobs, catalyst (sodium hydroxide), and
deionized water. The dosage of each reactant dedesrdbiomass content and catalyst loading
(on a total reactant weight basis). The reactorfiuaded and initially pressurized to 100 psi by
using a high pressure nitrogen gas cylinder dfieréactant load. Then, the reactor was heated
to the desired temperature, and kept for the dibsatention time. Afterward, the reactor was

cooled to room temperature with cooling water.
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After the HTC experiment, gaseous products wer¢éeee he solid and liquid products
were collected from the reactor and separatedifogtion. Bio-oil was separated from the solid
products via acetone wash. The solvent solublequoid then evaporated in a rotary evaporator
at 60 °C to remove acetone, and the remaining ptaduiio-oil. More details of the

experimental apparatus and procedure can be fouGtapter 3.

4.2.3 Product Analysis

The chemical composition of corn cobs used inghisly was determined according to
laboratory analytical procedures developed by tagddal Renewable Energy Laboratory
(Sluiter et al., 2005; Sluiter et al., 2008). Biyehfter water and ethanol extraction, the sample
was soaked in 72% sulfuric acid at 30 °C for 1 thwibnstant stirring, followed by dilution to a
4% acid solution and heating for another hour & X2 The aqueous products and solid residue
of the pretreatment process were separated by mafilitation. The filtrate was adjusted to
neutral by calcium carbonate, then the sugar ctsterthe filtrate were measured by high-
performance liquid chromatographic, and acid s@diighin content in the filtrate was detected
by UV-visible spectrophotometer. The solid resig#es dried and combusted. The weight
difference between the dry residue and combusésitlue was reported as acid insoluble lignin.
All data are on the biomass dry weight basis. @oimcontains 35.6% cellulose, 29.9%
hemicellulose, 14.2% lignin, and 12.8% extractive.

The elemental compositions of feedstock and pradlboe-oils were analyzed by a
CHNS/O elemental analyzer (Elmer Perkin 2400, C$A) Each sample was placed in a tared
tin capsule (PerkinElmer, N2411255) and precisadjgived using a PerkinElmer AD6
Autobalance. The weight of each sample was around.Zamples encapsulated in tin were
then inserted to the combustion zone automatidadiy the autosampler.

The heating values of feedstock and bio-oil wertertieined by a calorimeter (IKA,
C200, NC, USA). After weighing out about 1g feed&tor bio-oil directly into a crucible with
an accuracy of 0.1mg, the crucible was insertemltime crucible holder of the decomposition
vessel. The sealed decomposition vessel was thgden for approximate 30s at 30bar by
oxygen station, and then be placed into the ineese®l of calorimeter for fully automatic

measurement.
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Bio-oil chemical compounds were analyzed by a gmsmatograph equipped with a
mass selective detector (Agilent 5975C GC-MS withBMS column, Agilent Technologies
Inc., Santa Clara, CA). The temperature was kep0HT for 1min, then increased to 300°C
with 10°C /min heating rate, and hold for 5Smin. Thiet temperature of the GC-MS was 280°C.

Compounds in the bio-oil were identified by meahthe NISTOS8 library (Agilent Technologies
Inc., Santa Clara, CA).

4.2.4 Experimental design, analysis and model fitting
The influence of temperature, retention time, bissneontent, and catalyst loading on
bio-oil production from corn cobs HTC, and the matgions between the four variables were

studied by a small central composite rotatableghe@ CRD). Each variable was at 5 levels: -
1.682, -1, 0, 1, and 1.682 as shown in Table 4.1.

Table 4.1 Experimental range and levels of indepermaht variables

_ Level of response surface
Variable
-1.682(#) -1 0 1 1.682()
X1: Temperature(°C) 260 280 310 340 360
X2: Retention time (min) 0 12 30 48 60
X3: Biomass content (%) 5 9 15 21 25
X4: Catalyst loading (%) 0.25 0.76 1.5 2.26 2.76

The experimental design was developed using Désxgert 8.0.5 Trial (Statease,
Minneapolis, MN, USA), which resulted in 19 testss(ar points, 8 factoral points, and 3 central
points). Table 4.2 shows the complete design matrtkactual bio-oil yield, bio-oil carbon
content, bio-oil carbon recovery.

The bio-oil yield (Y) and carbon recovery of bid-(Cecovery Were defined as follows:

Weight of bio-oil

=— x100%
Weight of dry corn cobs used (4-1)
C ecovery=Bli0-0il yield x bio-oil carbon content 100 4-2)
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The data were then fit to the following second-oq@ynomial equation to investigate

the effect of independent variables in terms addin quadratic and interactions:

Y =X, +Z4:aixi +Z4:31ixi2 +Z4231jxixj
=) = =1 i<] (4-3)

where Y is bio-oil yield (%), bio-oil carbon contgfo) or bio-oil carbon recovery (%);0X
stands for the model intercepti, Xy, X3, X4 are the levels of temperature, retention time,
biomass content, and catalyst loading, respectigelya; are the regression coefficients. The
Design Expert 8.0.5 software was used to analyzel#ta. The significance of each model

parameter was determined by an F-test w40.05 level.
4.3 Results and discussion

4.3.1. Model equations for bio-oil yield, carbon content and carbon recovery

The results of experimental runs are presentedbiel4.2. At different combinations of
the variables, bio-oil yield varied between 16.18d 89.2% (dbw), bio-oil carbon content
increased from 58.9% to 75.6% (on a bio-oil weiggis), and bio-oil carbon recovery lay
between 11.3% and 25.2%.
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Table 4.2 Small central composite design matrix wht actual response for bio-oil yield, bio-

oil carbon content, and bio-oil carbon recovery

Variables .
o o Bio-oil
Xa: Xa: Bio-oil Bio-oil
Xi: Xz _ _ carbon

Run _ Biomass | Catalyst | yield carbon

Temperature| Retention ) recovery
) ) content | loading (%) | content(%)
(°C) time (min) (%)
(%) (%)

1 +1 +1 +1 -1 22.80 71.04 16.20
2 +1 +1 -1 -1 21.60 75.56 16.32
3 +1 -1 +1 +1 21.46 69.97 15.02
4 +1 -1 -1 +1 19.04 74.15 14.12
5 -1 +1 -1 +1 17.36 70.38 12.22
6 -1 +1 +1 +1 33.35 64.85 21.63
7 -1 -1 +1 -1 39.18 64.29 25.19
8 -1 -1 -1 -1 28.09 65.80 18.48
9 -1.682 0 0 0 31.42 58.90 18.51
10 +1.682 0 0 0 22.81 73.00 16.65
11 0 -1.682 0 0 29.9( 70.13 20.97
12 0 +1.682 0 0 21.4Q 65.30 13.97
13 0 0 -1.682 0 16.80 75.08 12.61
14 0 0 +1.682 0 29.36 60.78 17.85
15 0 0 0 -1.682 16.08 70.32 11.31
16 0 0 0 +1.682 18.36 66.08 12.13
17 0 0 0 0 25.89 66.50 17.22
18 0 0 0 0 26.93 68.05 18.33
19 0 0 0 0 27.20 66.05 17.97
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Based on the experimental data, the developed gti@dr linear models for bio-oil
yield, bio-oil carbon content, and bio-oil carb@tavery in terms of coded variables are given in
Eq. (4-4), (4-5), and (4-6), respectively, wherg X;, X3, X4 represent temperature, retention
time, biomass content, and catalyst loading, resfedy.

Yield = 26.55- 3.5(K,— 1.9%,+ 3.80,+ 2.56X,- 283X,~ 2%

(4-4)
Carbon content 68.22 3.B1- 2X2 (4-5)
Creovey=17.79- 1.3X ,+ 1.88 + 1.66X ~ 1.9RX 4+ 188X - 1% (4-6)

The analysis of variance (ANOVA) with F- and P-ve&duor the models is presented in
Table 4.3. For bio-oil yield, regression analydishe experimental design demonstrated that the
linear model terms (X Xz, and Xg), interactive model terms (X, X1X3), and quadratic model
terms (%°) were highly significant (P<0.05). However, thteer terms did not depict significant
effects on bio-oil yield, which were deleted. Sianlijy, a linear model in Eq. (4-5) was developed
for bio-oil carbon content, which was only affectgdtemperature and biomass content. Bio-oll
carbon recovery was strongly affected by the limeadel terms (X and >g), interactive model
terms (%Xz, X1X3, XoX4), and quadratic model terms£X The P-values of the models were
less than 0.001, which indicated that these maslets highly significant. The insignificant lack
of fit (P>0.05) indicated that the models were ageeg and reliable.
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Table 4.3 Analysis of variance for the regression atels

Bio-oil yield
Source Sum of squares DF Mean squdre F value B valu
Model 632.52 6 105.42 17.81 < 0.0001
X1 165.95 1 165.95 28.04 0.0002
X5 53.09 1 53.09 8.97 0.0112
X3 196.67 1 196.67 33.23 <0.0001
X1 X5 52.33 1 52.33 8.84 0.0116
X1X3 68.80 1 68.80 11.63 0.0052
X4 95.68 1 95.68 16.17 0.0017
Residual 71.01 12 5.92 - -
Lack of fit 70.06 10 7.01 14.64 0.066
Pure error 0.96 2 0.48
Corrected total 703.54 18
R? 0.90
Bio-oil carbon content
Source Sum of squares DF Mean squdre F value B valu
Model 291.93 2 145.96 27.02 <0.0001
X1 176.40 1 176.40 32.65 <0.0001
X3 115.53 1 115.53 21.39 0.0003
Residual 86.43 16 5.40 - -
Lack of fit 84.23 14 6.02 5.47 0.1652
Pure error 2.20 2 1.10
Corrected total 378.36 18
R® 0.77
Bio-oil carbon recovery
Source Sum of squares DF Mean squdre F value B valu
Model 189.96 6 31.66 9.26 0.0006
Xo 24.29 1 24.29 7.11 0.0206
X3 48.41 1 48.41 14.16 0.0027
X1 X5 21.78 1 21.78 6.37 0.0267
X1X3 29.41 1 29.41 8.61 0.0125
XoXya 31.44 1 31.44 9.20 0.0104
X4 34.62 1 34.62 10.13 0.0079
Residual 41.01 12 3.42 - -
Lack of fit 40.37 10 4.04 12.59 0.076
Pure error 0.64 2 0.32
Corrected total 230.97 18
R* 0.82
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4.3.2. Response surface analysis for bio-oil yield

The program of response surface method restricterfaanges to factorial levels (plus
one to minus one in coded values) — the regiomfoch this experimental design provides the
most precise predictions. Thus, all variables Vienged in the factorial levels in this study.
Temperature increased from 280°C to 340°C, reteriioe lay at 12-48 min, biomass content
was 9% to 21%, and catalyst loading ranged frori%.7 2.25%.

Bio-oil yield was significantly affected by the &ar terms of temperature and retention
time. As can be seen in Eq. (4-4), temperatureretghtion time showed a negative relationship
with bio-oil yield, which indicated that higher bal yield was obtained at lower temperature for
shorter retention time. Corn cobs used in thisystimhtained high contents of cellulose (35.5%)
and hemicellulose (29.9%), but low content of lig(il4.2%). It has reported that cellulose and
hemicellulose could be converted to bio-oil in botnpressed water at relatively low
temperatures (260 to 300 °C) (Minowa et al., 198itkowska et al., 2011). Generally, the
maximum bio-oil yield was obtained at lower tempere when biomass with lower lignin
content was used as feedstock (Zhong and Wei, 204)recent study (Gan et al., 2010) also
found that corn cobs can be converted to bio-@ilNTC at low temperature for short retention
time. The bio-oil yield began to decrease at highemperature duo to the formation of char by
repolymerization/ condensation of bio-oil (Xu anahicaster, 2008) and gas production from
bio-oil steam reforming (Aktaet al., 2009; Xu and Lancaster, 2008; Jena e2@L1; Zhou et
al., 2010). The bio-oil yield decreased at a prgtahretention time would due to the cracking of
bio-oil or intermediate products to gases and &branation by condensation, cyclization and
repolymerization (Qu et al., 2003; Xu and Etchey,e2008; Li et al., 2009). The interaction
term of temperature and retention time showed r@fszgnt effect on bio-oil yield, which is
illustrated in Figure 4.1 at zero level of biomassatent (15 wt%) and catalyst loading (1.5
wt%). The contour lines indicated that bio-oil puation from corn cobs HTC favored low
temperature and short retention time, which wasistent with Eq. (4-4). At any retention time
between 12 and 48 min, bio-oil yield decreased witheasing temperature. Similarly, bio-olil
yield also decreased with increasing retention tatngny temperature.
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Figure 4.1 Contour plot for the effects of temperatre and retention time on bio-oil yield
(15% biomass content and 1.5% catalyst loading)

Figure 4.2 explains the interaction between tentpegand biomass content at zero level
of retention time (30 min) and catalyst loading(W1%). As presented in Figure 4.2, higher bio-
oil yield was obtained at low temperature with mbi@mass. Bio-oil yield increased with
increasing corn cobs content at any temperaturged&ehes have found that 10% biomass
content was the best loading for corn cobs HTGeatmal condition or with 0.2% NaOH (Yu et
al., 2007; Gan et al., 2010). However, this stusidumore NaOH (0.76% to 2.25%). Yin and
coworkers (Yin et al., 2011; Yin and Tan, 2012) dasported that reaction pathways of biomass
HTC were significantly affected by the initial ptdlue of the reaction medium. Under initial
strong alkaline conditions with final pH greateath?7, only alkaline pathway occurred. Under
weak initial alkaline or neutral conditions witmél pH less than 7, biomass was converted by
both alkaline and acidic pathways. Previous stuslesved that bio-oil yield of biomass HTC
increased as alkaline catalyst loading increas@d5t%h, but decreased as catalyst loading further
increased with constant biomass content (Ogi e1885; Karagoz et al., 2006; Bhaskar et al.,
2008; Yokoyama et al., 1987; Suzuki et al., 1988telet al., 1991). Alkali catalyst inhibited the
formation of char from bio-oil (Karagoz et al., B)Minowa et al., 1998), but with excessive
alkali catalyst, bio-oil might be cracked and detayeld to gases and water soluble products.

More corn cobs could be decomposed to bio-oil Wigh alkaline catalyst loading in this study.
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The effect of biomass content on bio-oil yield atepended on biomass species and
other operating conditions. When woody biomass WES conducted at neutral condition, bio-
oil yield increased firstly and then decreased asdy biomass content increased from 7.4% to
11% in the temperature range of 340 to 360°C. Hewehio-oil yield decreased with increasing
biomass content at low temperatur8Z0°C) (Qu et al., 2003). When secondary pulp/paper
sludge powder was used as feedstock at 280°C witadalyst, bio-oil yield increased as
biomass content increased from 4.8% to 16.7% (XULamcaster, 2008). For cattle manure,
bio-oil yield decreased as biomass content incce@ém et al., 2010). Biomass content had no
significant effect on bio-oil yield of algae HTC 350°C without catalyst when the solid content
was in the range of 20% to 50% (Jena et al., 2011).

Bio-oil yield (%)

Biomass content

| | | | |
280 290 300 310 320 330 340

Temperature
Figure 4.2 Contour plot for the effects of temperatre and biomass content on bio-oil yield

(30min and 1.5% catalyst loading)

4.3.3 Response surface analysis for bio-oil carbon content

As shown in Eg. (4-5), bio-oil carbon content wa$yaffected by the linear terms of
temperature and biomass content. The effect of éeaypre and biomass content on bio-oll
carbon content is presented in Figure 4.3. It m®ee with increasing temperature and

decreasing biomass content. Other researchersladsoved that bio-oil carbon content
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increased as HTC temperature increased (Ocfenaia @006; Yu et al., 2011; Garcia Alba et
al., 2012). The major elements of bio-oil are carbnd oxygen, whose contents are in inverse
proportion. High temperature promoted dehydratiath decarboxylation reactions to remove
oxygen from biomass in the form o® and CQ in HTC. Gaseous products from biomass HTC
primarily comprised of Cg CO, H, and CH, in which CQ was the major component (Gan et
al., 2010; Zhang et al., 2008; Yu et al., 2007)tA GG, and CO formation, both carbon and
oxygen are removed from biomass. However, theddsgygen is higher than carbon because
the two gases contain more oxygen than carbon.ndwa-workers (2007) reported that more
CO,, CO and aqueous products were formed from cors kiqgbefaction at higher temperature,
which indicated that more oxygen was removed irféh@ of HLO and CQ. Therefore, bio-oll
carbon content increased as temperature increAsddomass content increased, bio-oil carbon
content decreased. It might because @i@ld decreased as increasing corn cobs contene{Y
al., 2007).
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Figure 4.3 Contour plot for the effects of temperatre and biomass content on bio-oil
carbon content

(30min retention time and 1.5% catalyst loading)
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4.3.4 Response surface analysis for bio-oil carbon recovery

The effect of the 4 variables on bio-oil carbornongry was more complex because it was
obtained by multiplying bio-oil yield and bio-oiatbon content. Bio-oil carbon recovery from
corn cobs HTC was affected by three interactivenggitemperature and retention time,
temperature and biomass content, retention timecatadyst loading, which were presented in
Figure 4.4, 4.5, and 4.6, respectively. As candansn Figure 4.4, when retention time was less
than 30 min, like bio-oil yield, bio-oil carbon m@eery also decreased as temperature increased.
However, bio-oil carbon recovery increased withréasing temperature at prolonged retention
time, which was consistent with bio-oil carbon @t Similarly, Figure 4.5 also showed that
the effect of temperature on bio-oil carbon recgweas dependent on biomass content. As
temperature increased, bio-oil carbon recoveryemsed when biomass content was less than
15%. But it decreased with high biomass conterhiwithe range of 15-21%. It indicated that
bio-oil yield was the main factor influencing bid-carbon recovery at shorter retention time and
higher biomass content, but bio-oil carbon conbEtame the dominant factor at long retention
time and lower biomass content. As shown in Figuée bio-oil carbon recovery increased as
catalyst loading increased, and then decreased edtalyst loading further increased, which
was consistent with bio-oil yield. Summarily, higheo-oil carbon recovery was obtained at low
temperature, short retention time, high biomassesdgnand moderate catalyst loading. The
effect of the 4 variables on bio-oil carbon recgweas similar to that on bio-oil yield, which
indicated that bio-oil carbon recovery mainly degesshupon bio-oil yield rather than bio-oil

carbon content.
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Figure 4.4 Contour plot for the effects of temperaire and retention time on bio-oil carbon
recovery
(15% biomass content and 1.5% catalyst loading)
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Figure 4.5 Contour plot for the effects of temperatre and biomass content on bio-oil
carbon recovery

(30min and 1.5% catalyst loading)
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Figure 4.6 Contour plot for the effects of retentio time and catalyst loading on bio-oil
carbon recovery
(310°C and 15% biomass content)

4.3.5 Optimization and validation

The optimal operating conditions and validationexkpent results for bio-oil yield, bio-
oil carbon content, and bio-oil carbon recoverysammarized in Table 4.4. A maximum bio-oil
yield of 41.3% was predicted at 280°C, 12min, 21&#rtass content, and 1.56% catalyst loading
by Design Expert software. The accuracy of the rmads validated under these optimal
conditions. A bio-oil yield of 39.5% was achievadhich confirmed the validity of the predicted
model. Retention time and catalyst loading hadigoifsicant effect on bio-oil carbon content,
the highest bio-oil carbon content of 74.8% cowdbtained at 340°C with 9% biomass
content, which was confirmed by experiments opdratehe same temperature and biomass
content, but different retention time and catalgatling. Similarly, the maximum carbon
recovery of 25.2% was predicted at 280°C, 12mifp Blomass content, and 1.03% catalyst

loading. The predicted result was confirmed welthiy validation experiment.
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Table 4.4 Optimization and validation for bio-oil yield, bio-oil carbon content, and carbon

recovery

Bio-oil yield optimization and validation

_ Temperature| Retention Biomass Catalyst o
Experiment . . . Bio-oil yield (%)
(°C) time (min) content (%) | loading (%)

CCRD 280 12 21 1.56 41.3

Validation 280 12 21 1.56 39.5
Bio-oil carbon content optimization and validation
) Temperature| Retention Biomass Catalyst Bio-oil carbon
Experiment _ _ _
(°C) time (min) content (%) | loading (%) content (%)
CCRD 340 - 9 - 74.8
Validation 340 48 9 0.76 75.6
Validation 340 12 9 2.25 74.2
Carbon recovery optimization and validation
_ Temperature| Retention Biomass Catalyst Bio-oil carbon
Experiment| _ _ _
(°C) time (min) content (%) | loading (%) recovery (%)
CCRD 280 12 21 1.03 25.2
Validation 280 12 21 1.03 25.2

- mean retention time and catalyst loading hadffezton bio-oil carbon content.

4.3.6 Bio-oil properties

Elemental composition and heating value of corrsaid bio-ofl obtained from the

optimal operating condition for bio-oil yield areggented in Table 4.5. Bio-oils produced in this
study contained higher carbon content and lowegerycontent than corn cobs because oxygen

was removed from biomass in the form gfHand CQ via internal dehydration and

decarboxylation reactions in HTC. However, bid-@icluded lower carbon content and higher

oxygen content than most bio-oils in this study;duese it was obtained at low temperature with

high biomass content. The heating value of bib@5.4 MJ/kg) was also lower than generally
HTC oil (34.0 MJ/kg) (Huber et al., 2006) duo ts libwer carbon content and higher oxygen

content.
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The chemical compounds of bio-bihcluded ketones, alcohols, esters, and long chain
alkane hydrocarbons, in which 2-Ethylhexyl mercap#tate and 1-Hexanol, 2-ethyl- were the
dominant compounds, followed by 2-Pentanone, 44wgr-methyl-, Nonadecane, and Diethyl
Phthalate. 2-Pentanone, 4-hydroxy-4-methyl- wasidened as the decomposed product of
benzene derivatives from lignin (Bhaskar et alQ&0 Other compounds might be derived from
cellulose and hemicellulose in corn cobs becausebglieved that cellulose and hemicellulose
are decomposed to straight chain hydrocarbons.Heaq or its derivatives were found in
bio-oil*, which might because phenolic derivatives was entrated in aqueous products with

strong alkali solution (Bhaskar et al., 2008).

Table 4.5 Elemental composition and heating valug eorn cobs and bio-oils

Sample C H N S o* Heating value
(MJ/kg)

Corncobs| 53.48+0.45 5.09+0.52 0.52+0/11 0.89+0.10.03&0.35 18.32+0.25

Bio-oil* | 63.0+1.57 | 6.87+0.57 0.42+0.01 1.31+0[10 28.82+2.23 25.41+0.73

* Calculated by difference.
Bio-oil* was obtained from the validation experiment at*28fdr 12min with 21% biomass
content and 1.56% catalyst loading on a total esdatveight basis.

4.4 Conclusion

Second order polynomial models were developededipt bio-oil yield and carbon
recovery, and first order linear model was develofeeevaluate bio-oil carbon content. The
models were adequate enough owe to the low P ya€01), and insignificant lack of fit
(P>0.05). The results showed that higher bio-ald/and carbon recovery could be obtained at
low temperature for short retention time with hlgbmass content and moderate alkaline
catalyst loading. However, bio-oil carbon contertreased as temperature increased, but
decreased as biomass content increased. A maxinauail lyield of 41.3% was obtained at
280°C, 12min, 21% biomass content, and 1.56% csitldgding. The experimental bio-oil yield
of 39.5% was well consistent with the predicted.@ighest bio-oil carbon content of 74.8%
was produced at 340°C with 9% biomass content. Aiinam carbon recovery of 25.2% was
observed at 280°C, 12min, 21% biomass content1d®% catalyst loading. The predicted bio-

oil carbon content and carbon recovery also wendirroed well by the validation experiments.
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The properties of the bio-oil obtained at the opliconditions for bio-oil yield were
measured. The heating value of the bio-oil wasdewv25.41MJ/kg due to its low carbon content
(63%) and high oxygen content (28.8%). The chenuoaipounds of the bio-oil included
ketones, alcohols, esters, and long chain alkadeohgrbons, in which 2-Ethylhexyl

mercaptoacetate and 1-Hexanol, 2-ethyl- were tin@rtint compounds.
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Chapter 5 - Hydrothermal Conversion of Big Bluestenfor Bio-oil

Production: the Effect of Ecotype and Planting Locdon*

Abstract

Three ecotypes (CKS, EKS, IL) and one cultivar (KAWY big bluestemAndropogon
gerardii) that were planted in three locations (Hays, K@nkhattan, KS; and Carbondale, IL)
were converted to bio-oil via hydrothermal convensiSignificant differences were found in the
yield and elemental composition of bio-oils prodiif®m big bluestem of different ecotypes
and/or planting locations. Generally, the IL ecetygnd the Carbondale, IL and Manhattan, KS
planting locations gave higher bio-oil yield, whican be attributed to the higher total cellulose
and hemicellulose content and/or the higher cathdriower oxygen contents in these
feedstocks. Bio-oil from the IL ecotype also had kiighest carbon and lowest oxygen contents,
which were not affected by the planting locatioro-Bils from big bluestem had yield, elemental
composition, and chemical compounds similar todisfrom switchgrass and corncobs,

although mass percentages of some of the compaugrdsslightly different.

* This paper was accepted by Bioresource Technology

Gan, J., Johnson L., Wang D., Nelson R., ZhangrkKian W. 2012. Hydrothermal conversion of big bleestfor
bio-oil production: the effect of ecotype and piagtlocation. Bioresour. Technol.
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5.1 Introduction

Andropogon gerardii Vitman, commonly known as big bluestem, is a domiirggiass in
the tallgrass prairies of North America (Weaver &itdpatric, 1932; Knapp et al., 1998). Big
bluestem is widely distributed on loamy soils indWiest United States grasslands and comprises
up to 80% of prairie biomass (Knapp et al 1998)hédligh photosynthesis ih@rasses is highly
sensitive to water stress (Ghannoum, 2009), bigdtém is capable of maintaining high
photosynthetic rates during periods of water slgeri@napp, 1985) owning to its efficient water
usage and resource allocation (Johnson and Mat@@ét). Conversion of native perennial
grasses such as big bluestem to biofuels offeremeapnomic, environmental, and strategic
benefits. Compared with switchgrass, the first-gaten dedicated bioenergy species, big
bluestem was found to produce three times more dgsr(Epstein et al., 1998) with less (or no)
irrigation or nitrogen fertilizers needed. MoreoMeig bluestem was found to have higher
cellulose and lignin contents and greater fermeliathan switchgrass (Jung and Vogel, 1992),
which are important qualities for biofuel conversio

McMillan conducted early studies investigating duetype effects of several grasses,
including big bluestem. Six ecotypes of big bluesteere collected across the United States
from north to south and were planted in Texas (Mlegvj 1965a) or in growth chambers with
temperature and light-period controls (McMillan658®). Results indicated that vegetation of big
bluestem was affected by its ecotype and growthatk. Jefferson and co-workers (2002, 2004)
also found that planting location had significaffieets on big bluestem biomass production and
its cellulose and hemicellulose contents in thead&m prairie provinces. They found that big
bluestem could not be well cultivated at sites @&®1°N latitude in western Canada, and its
cellulose and hemicellulose contents were lowen thdower latitude areas.

Cellulose, hemicellulose, and lignin are the thregor compounds of lignocellulosic
biomass. Higher cellulose content in biomass gdigdeavors higher ethanol yield in
biochemical conversion. Thermochemical converssoamniother promising technology to convert
lignocellulosic biomass such as big bluestem imbefbels. As one of the thermochemical
conversion processes, hydrothermal conversion (HiEBS)been extensively investigated for the
production of bio-oil, which can be used as a foektationary diesel engines, burners, boilers
or turbines (Czernik and Bridgwater, 2004), or barupgraded or further converted to
transportation fuels (e.g., gasoline and diesed)@onducts such as polymers, aromatics,
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lubricants, and asphalt (Peterson et al., 2008% k$Ta chemical reforming process in which hot
compressed water (or other solvents) is used aaranedium with which biomass is
depolymerized and reformed to gases, water-solablters, bio-oil, and char in an oxygen-
absent enclosure.

However, to the best of our knowledge, little imf@tion is available regarding the effect
of ecotype and planting location of big bluestemtsrthemical composition and consequent
biofuel yield, and no information is available aneerting big bluestem to bio-oil via HTC. The
objective of this study was to understand the ¢dfe€big bluestem ecotype and planting
location on its bio-oil yield and elemental compiosi. Four ecotypes of big bluestem
reciprocally planted in three locations (Hays anahkiattan, KS, and Carbondale, IL) were used

as the feedstock. For comparison purpose, switshgrad corncobs were also tested.
5.2 Materials and Methods

5.2.1. Feedstock preparation

The feedstocks used in this study included bigdikra, switchgrass, and corncobs.
Three ecotypes of big bluestem, Central Kansas (B&8sas State University Agricultural
Research Center—Hays, Hays, KS), Eastern KansaS, (BBDA Plant Material Center,
Manhattan, KS), and lllinois (IL, Southern lllindimiversity Agronomy Center, Carbondale, IL)
ecotypes were used. In Fall 2008, seeds of thgeesfrom these regions were collected by
hand from pristine ungrazed prairie within 50 mitégheir home sites (Table 1). Seeds of each
ecotype were collected from two sites in the sagggn and separately planted in different
blocks. The Kaw cultivar (KAW) was also used fongmarison purpose. KAW is a cultivar bred
by the USDA Plant Material Center (Manhattan, K&jttis widely used for restoration planting
in Conservation Reserve Program lands througheuGtteat Plains. All three ecotypes plus
KAW were planted in the three locations, Hays arahNattan, KS, and Carbondale, IL, in
August 2009 (Table 1) and were harvested in Octab&0. For CKS, EKS, and IL ecotype of
big bluestem, two samples were obtained for eaotype. SwitchgrasPanicum virgatum-
Kanlow) was grown and harvested at the Kansas Bfateersity Agronomy Farm in Manhattan,
KS. For big bluestem and switchgrass, the entmatmxcept for the root was used in this study.
Commercially available corncobs were obtained fiGmytee Products, Inc. (Chilton, WI). Each
feedstock sample was ground in a Retsch SM2006yrotdting mill (Retsch Inc., Newtown,
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PA) with a 1.0-mm screen. After grinding, each skEmygas manually mixed using a glass rod.

Samples were dried at 105°C for 24h before uskarekperiments.

Table 5.1 The seed collection site and planting latton of big bluestem

Location

Latitude
(N)

Longitude
(W)

Elevation

(m)

2010 annual
precipitation

(cmlyear)

Mean
annual
precipitation
since 1961

(cm)

Growing
degree
days
2010

Soil
type

Kansas State

University
Agricultural
Research
Center—
Hays (Hays,
KS)

3851

9% 19’

603

50.11

58.22

4193

Roxbury

slit loam

USDA Plant
Material
Center
(Manhattan,
KS)

39°08

96°38’

315

67.82

87.15

4105

Sandy

loam

Southern
lllinois
University
Agronomy
Center
(Carbondale
IL)

37°73

89°22’

127

66.95

116.73

4474

Stoy silt

loam
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5.2.2 HTC apparatus and experimental procedure

A 1.8-L Parr model 4578 high-temperature, high-pues reactor (Parr Instrument
Company, Moline, IL) equipped with a magnetic stifiserpentine cooling coil, reflux/take-off
condenser assembly, and bottom drain valve wasfosedl experiments. The reactor is made of
T316 stainless steel with an extreme operationtahiyaof 5,000 psi and 500 °C. In a typical
batch test, a 50-g dry sample with 2.5 g sodiunmréwide as the catalyst and 447.5 g deionized
water were placed in the reactor. Air in the reaetas purged by flushing with nitrogen gas for
five minutes. The reactor was then pressurizegpoaimately 100 psi by using a high-pressure
nitrogen gas cylinder and heated to 280 °C witeatihg rate of approximately 5 °C/min. The
desired temperature was kept for 20 min and thed §auge pressure at the end of the heating
cycle was around 1,100 psi. After the reaction rdaetor was cooled to room temperature with
tap water and the gaseous products were ventedgihtbe gas outlet valve. The solid and
agueous products were collected from the reactbisaparated by vacuum filtration with
Whatman Grad No.1 filter paper. Then, the wateoluisle fraction and the reactor were washed
with acetone. The solvent-insoluble portion wasasafed through vacuum filtration, then dried
to obtain the residual solid called bio-char. Thkant-soluble portion was then evaporated
using a rotary evaporator (Buchi RE-111, Flawil,it3arland) to remove acetone, and the
remaining product was water-insoluble bio-oil. Mdegails about the experimental apparatus
and procedure can be found in one of our previegers (Gan et al., 2010). All experiments
were performed in duplicate, and data were expdeasaverage values. Bio-oil yield was
defined as follows: QOil yield (%) = (weight of ba}) / (dry weight of feedstock) x 100%.

5.2.3 Analytical tests
Chemical composition of biomass was determinedrdatg to the laboratory analytical

procedures developed by the National Renewableggnexboratory (Sluiter et al., 2005; Sluiter
et al., 2008). Briefly, after water and ethanolragtion, the sample was soaked in 72% sulfuric
acid at 30 °C for 1 h with constant stirring, folled by dilution to a 4% acid solution and
heating for another hour at 120 °C. The aqueoudymts and solid residue of the pretreatment
process were separated by vacuum filtration. Titratie was adjusted to neutral by calcium
carbonate, then the sugar contents of the filireee measured by high-performance liquid

chromatography (Shimadzu, Kyoto, Japan), and auigbe lignin content in the filtrate was
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detected by a UV-visible spectrophotometer (BioM&at&éhermo Electron Corporation,
Madison, WI). The solid residue was dried and costdxl The weight difference between the
dry residue and combustion residue was reporteaidsinsoluble lignin.

The elemental compositions of feedstock and biguatucts were analyzed by a
CHNS/O elemental analyzer (PerkinElmer 2400, Shel®). Each sample was placed in a
tarred tin capsule (PerkinElmer N2411255) and gedgiweighed using a PerkinElmer AD6
Autobalance. The weight of each sample tested waoaimately 2 mg. Samples encapsulated
in the tin were then loaded automatically by aegnal 60-position autosampler (Perkin Elmer).

Bio-oil chemical compounds were analyzed by a g@msmatograph equipped with a
mass selective detector (Agilent 5975C GC-MS withBMS column, Agilent Technologies
Inc., Santa Clara, CA). The temperature was kep0AT for 1 min, then increased to 300 °C
with 10 °C/min heating rate and held for 5 min. Tilet temperature of the GC-MS was 280 °C.
Compounds in the bio-oil were identified using MI&TO08 library (Agilent Technologies Inc.,
Santa Clara, CA).

All statistical analyses were performed using SB&8vare (SPSS 17.0, SPSS Inc.,
Chicago, IL). Correlations among big bluestem ctiaréstics (chemical and elemental
compositions) and bio-oil properties (yield, carband oxygen content) were determined using
Pearson’s correlation. Effects and interactionsaafttype/cultivar and planting location on bio-
oil yield, carbon, and oxygen content were analyzgdg the ANOVA test. Tukey's HSD test
was used to check significant differences. For eomence, “cultivar” is not specifically
differentiated from “ecotype” and are both desalilbs “ecotype” thereafter in this article when

the effect of ecotype/cultivar is discussed.
5.3 Results and Discussion

5.3.1 The effect of ecotype and planting location on bio-oil yield
Bio-oil yields were in the range of 19.5-27.2%, eleging on big bluestem ecotype and
planting location. The data were analyzed separé&teleach ecotype and planting location and
are shown in Figure 5.1. In Figure 5.1, letterar{d b) above the standard deviation bars indicate
that means of bio-oil yields are significantly éifént based on Tukey’s HSD test (p < 0.05); e.g.,
bio-oil yield of group b is significantly higherah bio-oil yield of group a. We denote
significant differences in the same manner forathaining figures. As can be seen from Figure
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5.1, the effect of big bluestem ecotype on bioyald is dependent on the planting location.
When planted in Manhattan, KS, or Carbondale, lile@types gave statistically similar bio-oil
yield, indicating that the planting location ratlilean ecotype may influence bio-oil yield. When
planted in Hays KS, slight differences in bio-agigd were found, with KAW the highest and
EKS ecotype the lowest. The average bio-oil yigldliethree locations for each ecotype showed
the same trend as in Hays, KS. In general, KAW laretotype gave higher bio-oil yield,
suggesting that they might be the advantageougmentor bio-oil production.
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Figure 5.1 Comparison of bio-oil yields of differehecotypes in each planting location,
grouped by planting location
Different letters (a and b) above the standardat®n bars indicate that the means of bio-oil
yield are significantly different (b>a), while tlsame letters indicate that the values are
statistically the same, based on Tukey’'s HSD &3t Q.05)

The effect of planting location on bio-oil yieldrcae found in Figure 5.2. KAW and IL
had no significant differences in bio-oil yield ezdless of where they were planted. From
previous analysis, KAW and the IL ecotype were bBigh bio-oil yield, which suggests that
ecotype is the main factor influencing bio-oil yi¢br these two advantageous ecotypes in terms

of bio-oil yield. However, for CKS and EKS ecotyp®&anhattan, KS, and Carbondale, IL, were
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significantly better planting locations than HaK§. These two ecotypes are considered
relatively disadvantageous in terms of bio-oil giélom previous analysis; therefore, planting
location became the dominant factor for bio-oilgitor these two ecotypes. These results
indicate that local ecotypes did not show greai@old production when they were planted in
their home site. Furthermore, the average bio4ieltlyof all ecotypes at each planting location
also showed that the lllinois and Manhattan plantotations gave higher bio-oil yield than
Hays. Thus, both ecotype and planting locationaféact bio-oil yield. Because the sample size
was small, looking at average values instead aviddal ecotype or planting location would be
more meaningful. With that in mind, KAW and IL pted in Manhattan or lllinois would be a

better choice for higher bio-oil yield.
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Figure 5.2 Comparisons of bio-oil yield in differat planting locations, grouped by ecotype
Different letters above the standard deviation badgate that the means of bio-oil yield are
significantly different based on Tukey’s HSD tgst(0.05)

5.3.2 Effects of ecotype and planting location on bio-oil carbon and oxygen content
In addition to yield, carbon (C) and oxygen (O) teams of bio-oil are also important.
Bio-oil heating value increases as C content irsge@and O content decreases according to the
Dulong formula (Minowa et al., 1998; Zhong and Wa$l04). In addition, bio-oil containing less

O is more stable, and vice versa. In this study bilb-oil C content ranged from 69.8% to
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77.9%, and O content was between 14.0% and 22.6% was consistent with reports from
other researchers in which the typical C and Oaastof HTC oil were 65%~83% and
5%~25%, respectively (Huber et al., 2006; Demyirdtiaal., 2005; Demirlza 2005; Wang et al.,
2008; Gan et al., 2010; Zhang et al., 2011).

Bio-oil C and O contents are shown in Figure 5r8nkFigure 5.3A, ecotype seems to
have affected C content of the bio-oil producedcfentain locations; however, the trend was not
consistent for individual ecotypes. For example, @KS ecotype had the lowest C content in
Hays, but not in the lllinois location. By averagiall three locations, IL ecotype gave the
highest C content whereas CKS and KAW gave thedovi content showed a similar trend
(Figure 5.3B), but in an opposite way; that isgltotype gave the lowest O content, and CKS
ecotype and KAW gave the highest. This suggesegjative correlation between C and O
contents of the bio-oil. The optimal ecotype of bigestem to produce bio-oil with high C and

low O content seems to be the IL ecotype.
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The effect of big bluestem planting location on-bibC and O contents can be seen from
Figure 5.4. For all ecotypes except the EKS, noiagant difference was observed in bio-oil C
or O contents among different planting location®-&l produced from EKS ecotype planted in
Hays, KS, contained more C and less O than thatgdan Manhattan, KS, or Carbondale, IL.
The Hays planting site had significantly lower pp&ation than Manhattan and Carbondale
planting sites in 2010, which might have causediifferences in feedstock chemical
composition (described in section 5.3.3) and comsetly different bio-oils. However, the other
ecotypes planted in Hays did not yield significalifferent bio-oils from other planting
locations like the EKS ecotype, which suggestsititataction effects may exist between
ecotype and planting location. In other words,eatight ecotypes might respond to climate
changes in different ways. This conclusion mighblased due to small samples sizes in this
study; therefore, looking at the average elemeaaaipositions of all three ecotypes and KAW,
which are statistically the same in the three tgriocations (Figure 5.4), would be more

meaningful.
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Effects of ecotype and planting location on bioyagld and bio-oil C and O contents

were also analyzed by two-way ANOVA. Based on stigtl results summarized in Table 5.2,

bio-oil yield of big bluestem HTC was significantiyfected by ecotype (p < 0.05) and planting
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location (p < 0.01), with the latter being morduehtial (greater F-value with smaller P-value).
The interaction effect of ecotype and planting taaon bio-oil yield was statistically
insignificant (p > 0.05). Bio-oil C and O contemtsre significantly affected by both ecotype

(p < 0.01) and the interaction between ecotypepdaucting location (p < 0.05); however,

planting location alone had no significant effestto-oil C or O contents.

Table 5.2 Two-way ANOVA test of the effect of ecope and planting location on bio-oil
yield and elemental composition

Bio-oil yield Bio-oil carbon content  Bio-oil oxygetontent
Source of variation| df F P df F P df F P
Ecotype 3 3.83 .020 3 7.42  .001 3 7.17 .001

Location 2 13.12 | .000 2 211 .140 2 259 .092

Ecotype x location| 6 1.83 127 6 211 .082 6 2/68033.

5.3.3 The effect of ecotype and planting location on big bluestem chemical and

elemental compositions

It was hypothesized in this study that the yield alemental compositions of bio-oll
were determined by the chemical and elemental cesitips of big bluestem feedstock (Table
3), which were influenced by ecotype and/or plantotation. By averaging all ecotypes and
cultivar in each planting location, big bluesterarged in Carbondale, IL and Manhattan, KS,
contained higher cellulose and hemicellulose cdstéran in Hays, KS, whereas lignin contents
of the three planting locations were statisticélly same. A positive correlation between the
total amount of cellulose and hemicellulose anddiigield was found (described in section 3.4,
Fig. 5). Furthermore, big bluestem planted in Cadade, IL and Manhattan, KS contained more
C but less O than in Hays, KS, which may also erglge higher bio-oil yield in the two
locations. A positive correlation between C contamd bio-oil yield and a negative correlation
between O content and bio-oil yield were found ¢dégd in section 3.4, Fig. 6). The effect of
big bluestem ecotype on its chemical and elemeotalpositions is dependent on the planting
location. Generally, KAW and the IL ecotype hadherthigher cellulose content or lower O
content; however, compared with planting locatitiact, ecotype effect on feedstock
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composition was not significant. Detailed analysdithe effect of ecotype and planting location
on big bluestem chemical and elemental compositiah$e reported in another article in our

series (unpublished data).

5.3.4 Correlations between feedstock compositions and bio-oil yield

A positive linear relationship between bio-oil yWiednd the total amount of cellulose and
hemicellulose in the feedstock is shown in Figuge Bio-oil yield generally increased as the
total amount of cellulose and hemicellulose incedagellulose and hemicellulose were found
to be able to convert to bio-oil in hot-compresaeder at relatively low temperatures (260 to
300 °C) by some other researchers (Minowa et 887 1Phkowska et al., 2011). The relatively
low coefficient of determination @& 0.63) of the linear regression in Figure 5.5 ssgg that
bio-oil yield was probably affected by other fasttvesides the total amount of cellulose and
hemicellulose of the feedstock, such as lignin eontCompared with cellulose and
hemicelluose, lignin is more readily depolymerif&gmchyshyn and Xu, 2010), but the
decomposition of pure lignin favors the formatidmater-soluble organic compounds and solid
residue rather than heavy bio-oil. Furthermoredsa@sidue is formed by condensation reactions
of the water-soluble organic compounds (Bobleter @ancin, 1979). Demirlgg2000) also
reported that free phenoxyl radicals derived fraggnih decomposition had a random tendency to
form bio-char via condensation or repolymerizatiooywever, bio-oil produced from real
biomass HTC contained significant quantities ofrgiie compounds and their derivatives
(Bhaskar et al., 2008; Tymchyshyn and Xu, 2010; &ual., 2011), which indicated that lignin
in real biomass contributed greatly to bio-oil pmotion. Roberts and co-workers (2011) reported
that boric acid inhibited the condensation reactiopure lignin base-catalyzed HTC. Significant
interactions between the biomass chemical compouniti® HTC process may occur because
acetic acid and other organic acids were produaed €ellulose and hemicellulose in HTC.
Weak correlation between lignin content and bioy@ld was found in this study, perhaps
because of the complex reactions in biomass HT@ota and coworkers (1998) also found
that the bio-char yield increased as the biomagssrlicontent increased, but the correlation
between lignin content and bio-oil yield was wegke other reason for the weak correlation
might be the narrow lignin content range of bigdsiiems in this study (16.3% to 19.6%). The

85



effect of lignin content on bio-oil production igfatult to distinguish clearly in such narrow

range.
Table 5.3 Chemical and elemental compositions ofdpbluestem (wt% db)
Ecotype Planting location Cellulose Hemicellulose ignin Eellglose and
emicellulose
Hays, KS 30.02+0.46 | 22.79+0.77 | 18.17+0.53 52.8F
CKS Manhattan, KS 30.03+1.63| 24.73+0.66° | 17.72+0.18 54.76°
Carbondale, IL 30.55+0.88| 26.55+1.63 | 17.45+0.98 57.7
Hays, KS 27.80+0.35| 22.03+0.47 | 17.33+0.13 49.83
EKS Manhattan,KS 29.53+0.37| 25.01+0.64 | 17.17+0.58 54.54
Carbondale, IL 29.46+1.}7| 26.33+0.80 | 18.05+0.62 55.79
Hays, KS 28.96+1.64 | 21.99+0.60 | 16.51+0.33 50.93
IL Manhattan, KS 29.96+1.49| 25.20+1.23 | 16.27+1.26 55.06
Carbondale, IL 29.71+0.38| 25.54+1.1Y | 17.47+0.98 55.28
Hays, KS 29.38+0.00 | 22.31+0.32 | 16.92+0.26 51.69
KAW Manhattan, KS 32.28+0.48| 24.10+0.37 | 17.62+0.08 56.38
Carbondale, IL 33.25+0.33| 26.30+0.16 | 19.35+0.17 59.55
Average of all Hays, KS 29.0+1.1%7 22.3+0.61 17.28+0.7% 51.3+1.50
ecotypes and Manhattan, KS 30.19+1.98| 24.85+0.883 | 17.13+0.88 55.04+1.50
culitvar Carbondale, IL 30.39+1.48| 26.16+1.16 | 17.90+0.96 56.55+2.17
CKS 30.20+0.7% | 24.69+1.89 | 17.78+0.63 54.89+2.29
EKS Average in all 28.93+1.07 | 24.45+1.97 | 17.52+0.58 53.38+2.9
IL locations 29.55+1.28 | 24.24+1.9% | 16.75+0.97 53.79+2.77
KAW 31.64+1.8% | 24.24+1.80 | 17.96+1.13 55.87+3.58
Elemental composition (wt% db)
Ecotype Location Carbon Hydrogen Nitrogen Sulfur yaed
Hays, KS 50.11+1.77 | 4.18+0.04 1.08+0.07 | 0.65+0.45 | 43.99+0.79
CKS Manhattan, KS 50.66+0.97| 4.15+0.04 0.83+0.0% | 0.51+0.27 | 43.86+0.73
Carbondale, IL 53.16+0.86| 4.26+0.2F 0.76+0.18 | 0.75+0.03 | 41.08+0.6%
Hays, KS 48.66+0.78| 4.11+0.04 1.15+0.13 | 0.34+0.0F | 45.76+0.68
EKS Manhattan, KS 49.92+0.71| 4.11+0.43 0.90+0.07 | 0.46+0.30 | 44.61+0.17
Carbondale, IL 53.12+1.%3| 4.39+0.12 0.97+0.54 | 0.75+0.04 | 40.78+0.43
Hays, KS 50.09+0.33 | 4.43+0.40 0.99+0.2% | 0.30+0.06 | 44.21+0.26
IL Manhattan, KS 51.62+0.02] 4.31+0.18 0.91+0.2% | 0.54+0.29 | 42.63+0.28
Carbondale, IL 53.15+0.10| 4.34+0.0f 0.92+0.0% | 0.74+0.0% | 40.86+0.08
Hays, KS 50.78+0.57 | 4.41+0.60 0.84+0.13 | 0.27+0.5% | 43.70+0.67
KAW Manhattan, KS 51.22+0.62| 4.46+0.46 0.69+0.18 | 0.74+0.16 | 42.89+0.28
Carbondale, IL 53.65+0.4| 4.42+0.0f 0.63+0.14 | 0.75+0.0f | 40.55+0.02
Average of all Hays, KS 49.78+1.02 | 4.26+0.28 1.04+0.18 | 0.40+0.28 | 44.52+0.97
ecotypes and Manhattan, KS 50.80+0.82| 4.23+0.23 0.85+0.12 | 0.54+0.22 | 43.58+0.93
cultivar Carbondale, IL 53.21+0.85| 4.34+0.12 0.85+0.27 | 0.75+0.02 | 40.85+0.36
CKS 51.31+1.64 | 4.19+0.1% 0.89+0.17 | 0.64+0.26 | 42.98+1.57
EKS Average in all 50.57+2.1% 4.20+0.24 1.00+0.27 | 0.52+0.28 | 43.71+2.38
IL locations 51.62+1.38 4.36+0.2% 0.94+0.14 | 0.5240.24 | 42.57+1.5%
KAW 51.88+1.58 4.43+0.08 0.72+0.1F | 0.59+0.27 | 42.38+1.64

Different letters (a, b, and c) indicate that theams of composition are significantly differentlie order of c>b>a

based on Tukey’s HSD test (p < 0.05).

ICalculated by the difference between 100% andatat amount of carbon, hydrogen, nitrogen, andusulf
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Figure 5.5 Effect of the total amount of cellulosend hemicellulose in big bluestem on bio-

oil yield

The effect of big bluestem C and O contents onddigield is evident in Figure 5.6.
Higher C content or lower O content, which usuatiyrelate with each other, gave higher bio-
oil yield and explained 58 and 54% of the variatimio-oil yield, respectively. Heavy bio-oil
produced from biomass HTC mainly consists of highleoular weight organic compounds such
as phenolic compounds and their derivatives, Idmgrccarboxylic acids/esters, and long-chain

hydrocarbons (Bhaskar et al., 2008; Sun et al.1]@iomass C is the main source of produced
heavy bio-oil.
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Correlations between bio-oil yield and the conteritsellulose, hemicellulose, and
lignin, as well as C and O contents of the feedstoere also analyzed by SPSS Pearson’s
correlation. Correlations between bio-oil yield @hd contents of cellulose and hemicellulose
were significant at the 0.05 level, and the cotr@hacoefficients (r) were 0.67 and 0.70,
respectively. Furthermore, a strong positive catreh between bio-oil yield and the total
amount of cellulose and hemicellulose was found @79, significant at the 0.01 level), which
is consistent with Figure 5.5. The correlation lestw bio-oil yield and lignin content is weak
and insignificant with a correlation coefficient@fL4; however, considering the narrow range of
lignin content in the selected big bluestem samfil6s3% to 19.4% in Table 5.3), the
correlation is not reliable enough to exclude ttieot of lignin content on bio-oil yield. The
positive correlation between big bluestem C conaeak bio-oil yield (r = 0.75, significant at the
0.01 level) and the negative correlation betwegrbhiestem O content and bio-oil yield
(r =-0.72, significant at the 0.01 level) are atsmsistent with the findings from Figure 5.6.

5.3.5 Comparison of bio-oil production from big bluestem, switchgrass, and
corncobs

Table 5.4 summarizes the yield and elemental coitipo®f bio-oils generated from big
bluestem, switchgrass, and corncobs. When the siighelding big bluestem (KAW planted in
Carbondale, IL) was used in statistical analysg bhuestem had bio-oil yield similar to
corncobs, and yield was significantly higher thiaat from switchgrass. However, bio-oil from
KAW big bluestem planted in Carbondale, IL, hadltheest C and the highest O contents
compared with those from switchgrass and corndéligen the average bio-oil yield and
elemental composition of all big bluestems weredube-oil yield of big bluestem and
switchgrass had no significant difference, but heéne lower than that of corncobs. Bio-oils
produced from the three types of biomass weressitalily the same in both C and O contents.
This is the first data set, to the best of our kiealge, that provides fundamental information
about the potential of big bluestem to be develagsed biofuel feedstock and how it compares

with more widely used crops such as switchgrass.
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Table 5.4 Comparison of bio-oil production betweetbig bluestem, switchgrass, and

corncobs
Biomass Bio-oil yield (%) Bio-oil C content (%) Bio-oil O content (%)
Best big bluestem-KAW 27.2+1.7 70.2+0.8 21.12+0.8
Switchgrass 23.6+0°2" 75.5+0.2' " 15.77+1.8 "
Corn cobs 29.9+0%° 74.8+0.2 % 16.76+0.6' "
Big bluestem-Average | 24.1+2.7 73.5+4.1 18.6+4.1

Lowercase letters (a and b) indicate whether teans of yield or elemental composition of the
best yielding big bluestem-KAW, switchgrass, anthcobs are significantly different based on
Tukey's HSD test (p < 0.05). Uppercase lettersitd B) were used to indicate the difference
among the average bio-oil yield and elemental caitijpm of all big bluestems, switchgrass, and
corncobs. The same letter means they are not signily different, whereas different letters

mean they are significantly different in the ordéb>a or B>A.

The main chemical compounds of bio-oils producedfbig bluestem (KAW planted in
IL), switchgrass, and corncobs are summarized biela.5. Bio-oils from the three biomass
contained similar chemical compounds, such as kstacohols, esters, and long-chain alkane
hydrocarbons, but area percentages varied by berAasong the many chemical compounds in
the bio-oils, 2-Ethylhexyl mercaptoacetate and kdt®l|, 2-ethyl- were the dominant
compounds. The highest concentrations of 2-Ethylheercaptoacetate and 1-Hexanol, 2-
ethyl- were observed in corncob-based bio-oil, whsrbio-oils from big bluestem and
switchgrass had similarly lower concentrationshpps because corncobs have higher cellulose
(35.6%) and hemicellulose (30.0%) contents tharbhigstem (31.2% cellulose, 26.2%
hemicellulose) and switchgrass (31.0% cellulose4%0hemicellulose). In HTC, cellulose and
hemicellulose are believed to make short- andgéttaihain hydrocarbons such as -Ethylhexyl
mercaptoacetate and 1-Hexanol, 2-ethyl-. Smallgreages of 2-Pentanone, 4-hydroxy-4-
methyl- were observed in all three bio-oils andevewnsidered the decomposed product of
benzene derivatives from lignin (Bhaskar et alQ&0Neither phenol nor its derivatives were
found in the bio-oils produced in this study. Brexs&tnd coworkers (2008) reported that
phenolic derivatives could be concentrated in agagwoducts with strong alkali solution,

which was the case for this study.
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Table 5.5 Identification of compounds by GC-MS in ip-oil from big bluestem, switchgrass,

and corncobs

Area (%)
RT Molecular
No. _ Name of compound Big .
(min) formula Switchgrasg Corncobs
bluestem
3-Penten-2-one, 4-
1 5.8 CeH100 15 4.6 -
methyl-
2-Pentanone, 4-hydroxyt  CgH120;
2 6.4 3.7 5.8 3.6
4-methyl-
3 9.3 1-Hexanol, 2-ethyl- dEl1s0 21.1 20.9 30.1
2-Ethylhexyl
4 | 15.0 Ci10H200.S 33.0 25.6 48.3
mercaptoacetate
5 | 17.1 Diethyl Phthalate 16H140, 2.05 0.55 0.51
6 22.8 Hexadecane 16834 - 3.36 -
7 | 22.9 Nonadecane 18H40 8.93 - 3.19

5.4 Conclusions

Bio-oil yield of big bluestem HTC was significantfected by both ecotype and

planting location, but the latter was more influehtThe interaction effect between ecotype and

planting location on bio-oil yield was statistigaihsignificant (p > 0.05). Bio-oil C and O
contents were significantly affected mainly by epet (p < 0.01) and sometimes by the
interaction between ecotype and planting locatps 0.05); however, planting location alone

had no significant effect on bio-oil C or O conterBig bluestem and switchgrass have similar

potential for bio-oil production via HTC in term$ lmo-oil yield, bio-oil C and O content.
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Chapter 6 - Hydrothermal Conversion of Cellulose, micellulose,
and Lignin: Influence of Operating Conditions and Their

Interactions

Abstract

The effects of reaction temperature, retention tifeedstock content, and catalyst
loading on pure cellulose, D-xylose (model of hestlidose) and lignin HTC were investigated.
The maximum bio-oil yields of 21.4% and 19% weréaated from cellulose and D-xylose,
respectively, at 300°C for 20min with 10% feedstlmading and 0.5% sodium hydroxide.
However, little bio-oil was produced from lignin ihis study. The interaction effect between the
three components in HTC process also was studied tieeir mixture as feedstock. The results
showed that there was positive interaction betvosdinlose and lignin, but negative interaction
between cellulose and D-xylose. No significantiatéon was found between D-xylose and
lignin. Hydrothermal conversion of seven real bissécorn cobs, big bluestem, switchgrass,
pine, cherry, pecan, and hazelnut shell) and thettel biomass also was carried out to study the
effect of biomass chemical composition on bio-@lg. As the total amount of cellulose and
hemicellulose increased, bio-oil yield generallgreased when real biomass was used, but

decreased when low lignin content of model bionvess used.
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6.1 Introduction

Biofuels produced from lignocellulosic biomass haseeived great interest because
lignocellulosic biomass is abundant, renewable,eandronmental friendly. In the US, about 1.3
billion dry tons of lignocellulosic biomass can siestainably produced annually (Perlack et al.,
2005). Hydrothermal conversion (HTC) is a promidiaghnique to produce biofuels from
lignocellulosic biomass, which can be operatinge&tively low temperature without feedstock
drying step owing to the use of hot compressedmaatether solvents as reaction medium. HTC
is a chemical reforming process, in which gasesem&oluble matters, bio-oil, and char are
produced from biomass in a heated, pressurizedogygkn-absent enclosure in the present of
water or other solvents. via hydrolysis, depolymetion, repolymerization, and condensation
(Ocfmia et al., 2006). Bio-oil produced from biore&$TC is an alternative for fossil fuel, which
can be used as a fuel for stationary diesel engmesers, boilers or turbines (Czernik and
Bridgwater, 2004), or be upgraded to transportdiehs (e.g., gasoline and diesel) or products
such as polymers, aromatics, lubricants and asfiPelérson et al., 2008).

The three major chemical compositions of lignode#ic biomass are cellulose,
hemicellose, and lignin. Forest biomass is typycatimposed of 40-45% cellulose, 15-35%
hemicellulose and 20-35% lignin. Agricultural wastgenerally contain 40% cellulose, 20-25%
hemicelllulose and 10-20% lignin (Tymchyshyn and X010). It is believed that the
composition of lignocellulosic biomass had sigrafic effect on its hydrothermal decomposition
in the aspect of optimal operating conditions, diloyield and bio-oil components. The optimal
temperature for bio-oil production from woody bigeaHTC at the absence of catalyst shifted to
a higher value as biomass lignin content incre§8brdng and Wei, 2004). As cellulose and
hemicellulose content increased, bio-oil yield @ased when woody biomass was used as
feedstock at neutral conditions (Zhong and Wei&2@®emirba, 2005; Demirbaet al., 2005;
Bhaskar et al., 2008). However, bio-oil yield iresed with increasing lignin content at alkaline
condition (Minowa et al., 1998a). Furthermore, macetic acid was obtained from cellulose
rich biomass, but lignin rich biomass produced np#renolic hydrocarbons and derivatives
(Bhaskar et al., 2008). Therefore, in order todvaihderstand lignocellulosic biomass HTC, it is
necessary to investigate the hydrothermal decoripogiehaviors of the three components and

their interactions.
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Cellulose is composed of D-glucose units, whichliakeed by 3-(3-4) glycosidic
bonds. Much work has been done on the kineticavathanisms of cellulose decomposition
under hot-compressed water (Kamio et al., 2008a320Kabyemela et al., 1998; Sasaki et al.,
1998; 2000; 2002; 2004). The composition of theeags products was analyzed for proposing
the reaction pathway. However, they did not pagraitbn to bio-oil production from cellulose
HTC. Minowa and co-workers (1997; 1998b; 1998ckstigated the effect of reaction
temperature on cellulose HTC products distributioder alkali condition or catalyst-free
condition. They reported that the highest heavyieid from cellulose HTC was obtained
around 300°C, and alkali catalyst suppressed tmadton of char from oil. However,
Tymchyshyn and Xu (2010) found that bio-oil yietdrh cellulose HTC decreased as
temperature increased from 250 to 350°C. The effaicalkalinity on reaction pathway of
cellulose HTC were studied by Yin et al., (2011)ey found that alkaline pathway was involved
under initial strong alkaline conditions, acididaalkaline pathways simultaneously occurred
under initial weak alkaline conditions. The majormgpounds of bio-oil produced from cellulose
HTC were esters of complex organic acids and |dvagnchydrocarbons (Tymchyshyn and Xu,
2010; Karag6z et al., 2005).

Hemicellulose is a polysaccharide that containdgsas (xylose, arabinose), hexoses
(mannose, glucose, and galactose) and uronic aciddich, xylose always presents in the
largest amount. Hydrothermal decomposition of xydara model substance for hemicellulose
was carried out in sub-critical water byaRowska et al., (2011). No bio-oil was produced from
xylan when reaction temperature was lower than @68% temperature further increased to
300°C, bio-oil yield slightly increased to 4.3%.

The chemical structure of lignin is more compleartitellulose and hemicelluloses. It is
composed of paracoumaryl alcohol, confieryl alcarad shinapyl alcohol, which are crossing
linked by ether. The decomposition of lignin ormedel compounds has been carried out in
supercritical water (Wahyudiono et al., 2008; Fwhazi et al., 1990). They found that water
density had significant effect on the productsriistion of lignin HTC. As water density
increased, bio-oil yield increased but char yieddréased. During lignin HTC, the hydrolysis is
an important reaction, but char is easily formed ttuthe condensation of intermediates. The
use of supercritical water-phenol mixtures in lighiTC is an effective method to suppress char

formation (Lin et al., 1997a; 1997b; Saisu et2003). They reported that phenol could prevent
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the char formation by condensation reaction. Funtioee, bio-oil production from lignin HTC

also was investigated at low temperature (Karag@t. ,e2005; Tymchyshyn and Xu, 2010).

They found that the yield of bio-oil was relativeM, and its main components were phenolic and
benzene derivatives.

Although the HTC of the three main componentsgridicellulosic biomass was
investigated by some many researchers, the infawmabout the effect of operating conditions
and component proportion of lignocellulosic biomassio-oil production via HTC is not
sufficient, and a satisfactory relationship betwdenHTC of the three components and biomass
has not yet been established. The objectives s&thidy were are to 1) examine the effect of
operating conditions including reaction tempergttggention time, biomass content, and
catalyst loading on bio-oil production from cellaé hemicellulose, and lignin HTC; 2)
investigate the interactions between the three compts; 3) investigate the relationship

between lignocellulosic biomass HTC and the theeaponents HTC.

6.2 Materials and Methods

6.2.1 Materials

a-cellulose power (C8002) was obtained from Sigmdriéh Co., Ltd. D-xylose with a
purity of 99% (H193) was used as a hemicellulosdehavhich was obtained from Cascade
Analytical Reagents & Biochemicals. Alkali lignint low sulphonate content (471003) was
purchased from Sigma-Aldrich Co., Ltd. Seven liggldosic biomass (corn cobs, switchgrass,
big bluestem, cherry wood, pecan wood, pine, arzélhat shell) were also used. Commercially
available corncobs were obtained from Kaytee Prisddicc. (Chilton, WI). Switchgrass
(Panicum virgatum-Kanlow) was grown and harvested at the Kansag $taiversity Agronomy
Farm in Manhattan, KS. Big bluestem originated friéarbondale, lllinois was planted at USDA
Plant Material Center, Manhattan, KS. Wood chipstarry, pecan, and pine were purchased
from Ace Hardware. Hazelnut shell was peeled fhaelnuts obtained from Nuts Company.
Each biomass was ground in a Retsch SM2000 rotatyg mill (Retsch Inc., Newtown, PA)
with a 1.0-mm screen. After grinding, each sampas wanually mixed thoroughly. Samples
were dried at 105°C for 24h before use in the arpants.
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6.2.2 HTC apparatus and experimental procedure

In a typical test, feedstock, sodium hydroxidehesdatalyst, and deionized water were
placed in a 1.8 L Parr model 4578 high-temperatigb-pressure reactor (Parr Instrument
Company, Moline, IL). The reactor was heated todbsired temperature and then kept for
desired time. Then the reactor was cooled to ramperature by tap water through the
serpentine cooling coil. After the reaction, gaseproducts were vented from the gas outlet
valve. The solid and aqueous products were cotldcten the reactor and separated by vacuum
filtration with Whatman Grad No.1 filter paper. Whpure lignin was alone used as feedstock,
the solid and aqueous products collected werefeddio pH ~ 1-2 with 10 wt% HCL before
vacuum filtration to precipitate the unconverteghln and high molecular lignin cleavage
products (Roberts et al., 2011). Then, the watestuble fraction and the reactor were washed
by acetone. The solvent insoluble portion was sgpdrthrough vacuum filtration and then dried
to obtain residual solid, called bio-char. The salvsoluble portion is then evaporated in a rotary
evaporator (Buchi RE-111, Flawil, Switzerland) 86 to remove acetone, and the remaining
product is water insoluble bio-oil. The bio-oil idevas defined as follows: Bio-oil yield (%) =
(weight of bio-oil)/(weight of feedstock) x 100%.dv details of the experimental apparatus and

procedure can be found in one of our previous Eafiean et al., 2010).

6.2.3 Analytical tests

Chemical composition of biomass was determinedrdatg to the laboratory analytical
procedures developed by the National Renewableggnexboratory (Sluiter et al., 2005; Sluiter
et al., 2008). Briefly, after water and ethanolragtion, the sample was soaked in 72% sulfuric
acid at 30 °C for 1 h with constant stirring, folled by dilution to a 4% acid solution and
heating for another hour at 120 °C. The aqueoudymts and solid residue of the pretreatment
process were separated by vacuum filtration. Titratie was adjusted to neutral by calcium
carbonate, then the sugar contents of the filireee measured by high-performance liquid
chromatography (Shimadzu, Kyoto, Japan), and auigbe lignin content in the filtrate was
detected by a UV-visible spectrophotometer (BioMat&hermo Electron Corporation,
Madison, WI). The solid residue was dried and costdxl The weight difference between the

dry residue and combustion residue was reportedidsinsoluble lignin.
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Bio-oil chemical compounds were analyzed by a gmsmatograph equipped with a
mass selective detector (Agilent 5975C GC-MS withBMS column, Agilent Technologies
Inc., Santa Clara, CA). The temperature was kep0AT for 1 min, then increased to 300 °C
with 10 °C/min heating rate and held for 5 min. Tilet temperature of the GC-MS was 280 °C.
Compounds in the bio-oil were identified using MI&TO08 library (Agilent Technologies Inc.,
Santa Clara, CA).

6.3 Results and discussion

6.3.1 Effect of operating conditions

6.3.1.1 Effect of reaction temperature

Operating temperature is one of the most impofetors in HTC. In this section, HTC
of cellulose, hemicellulose, and lignin was condddir 20 min with 10% feedstock content and
0.5% sodium hydroxide (all on the a total reactavegght basis including the weight of;
feedstock + water + catalyst). Bio-oil yields aregented in Figure 6.1. In this study, bio-oil
yield of lignin HTC was very low, which was negledtand not presented. The trend of bio-oil
yield from cellulose and hemicellulose was similEne bio-oil yield increased first when
temperature increased from 260°C to 300°C, anddleereased as reaction temperature further
increased to 320°C. A similar phenomenon was fduniflinowa and co-workers (1997).
Cellulose decomposition in hot-compressed waten alikali catalyst was carried out at different
reaction temperatures from 200 to 350°C. They datmat only water-soluble products were
produced from cellulose alkaline HTC via hydrolyaisl secondary decomposition below
260°C, then the water-soluble products were coradedd bio-oil at over 260°C. Bio-oil yield
increased when temperature increased from 260G0C306wing to the cellulose quickly
decomposition in this temperature range. As tenipexdurther increased, bio-oil yield
decreased due to its secondary decomposition asgBskowska et al., (2011) also found that
xylan as a model substance for hemicellulose wasyfihydrolyzed to reducing sugars at lower
temperature (<240°C). Then, bio-oil was producedhfthe sugars and its yield increased as
temperature increased from 240°C to 300°C. Sinriéard of bio-oil yield as a function of
reaction temperature also was observed when realasis was used as HTC feedstock, such as
woody biomass (Ogi et al., 1994; Zhong and Wei42@Jan et al., 2007; Liu and Zhang, 2008;
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Xu and Lad, 2008), rice staw (Yuan et al., 200}l secondary pulp/paper sludge powder (Xu
and Lancaster 2008). As temperature increases|yhe@zation of the biomass into a liquid
oil-rich phase becomes possible. But a furtheraase of the temperature might promote
decomposition of these fragments into gaseous ptedund repolymerization or condensation of
the intermediates into chars (Yuan et al., 200910Mia et al., 1998a). As shown in Figure 6.1,
the maximum bio-oil yields of cellulose and hemligielse were 21.4% and 19%, respectively,
which were both obtained at 300°C.
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Figure 6.1 Effect of operating temperature on bio-b production from cellulose (A) and
xylose @) hydrothermal conversion

(20min retention time, 10% biomass content, 0.5%lgst loading)

6.3.1.2 Effect of retention time

In this experiment, HTC was conducted at 300°C b6 feedstock content and 0.5%
sodium hydroxide. Effects of retention time on bibyields are shown in Figure 6.2. For both
cellulose and hemicellulose, retention time hadigaificant effect on bio-oil yield at shorter
retention time. As retention time increased fronmiifl to 20 min, bio-oil yield increased
rapidlyfast, but then decreased at a prolongedtietetime, which could be explained by the
cracking of bio-oil or intermediate products to gmand formation of chars by condensation,
cyclization, and repolymerization (Xu and EtcheyeR008; Li et al., 2009). In this step, the
maximum bio-oil yields of cellulose and hemicellsgowere 21.4% and 19%, respectively,

which were both obtained at 20min.
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Figure 6.2 Effect of retention time on bio-oil prodiction from cellulose (A) and xylose &)
hydrothermal conversion
(300°C, 10% biomass content, 0.5% catalyst loading)

6.3.1.3 Effect of feedstock content

In this experiment, the reactor was loaded with §@@ reactants, which included
5%-20% feedstock, 0.5% sodium hydroxide (all oataltreactant weight basis), and relevant
amount of deionized water. The HTC experiments warded out at 300°C for 20min. The
effect of feedstock content on bio-oil yield is simoin Figure 6.3. When feedstock content
increased from 5% to 10%, bio-oil yield of cellldddTC increased from 16.0% to 21.4%, and
increased from 13.3% to 19.0% for xylose HTC. Asdigock content further increased, bio-oil
yield of cellulose HTC slowly decreased, but bibyaeld of xylose HTC sharply decreased. It is
speculated that higher water content improves gdsigueous products formation and biomass
depolymerization, and vice versa. Previous reseasaleported that liquefaction yield decreased
as biomass ratio increased because of the deageaater content (Yu et al., 2007). In this
study, the highest bio-oil yield of cellulose arehicellulose HTC were 21.4% and 19%,
respectively, which were both obtained at 10% femafkscontent.
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Figure 6.3 Effect of biomass content on bio-oil prduction from cellulose (A) and xylose &)
hydrothermal conversion

(300°C, 20min retention time, 0.5% catalyst loajling

6.3.1.4 Effect of catalyst loading

In this experiment, the reactor was loaded with §@@ reactants, which included 10%
feedstock on a total reactants weight basis, 03% kodium hydroxide as catalyst (on a total
reactants weight basis), and deionized water (@wagcordingly with catalyst loading). The
reaction conditions were set at 300 °C for 20 retemtion time. Catalyst loading had significant
effect on bio-oil yield, which is shown in Figure46 Without catalyst, the bio-oil yields were
low as 4.5% and 1.5% for cellulose and hemicelkilosspectively. When catalyst loading
increased to 0.5%, the bio-oil yield sharply inced, and then slightly decreased when catalyst
loading increased to 1.5%. Research showed thailkhé catalyst inhibited the formation of
char from bio-oil (Karagoz et al., 2006; Minowaakt 1998). Thus, bio-oil yield increased as
catalyst loading increased to 0.5%. However, tloeddiyield decreased when catalyst loading
further increased, which might due to the enhancacking and dehydration of the bio-oil to
gases and water soluble products with excessiai atitalyst. In this study, the highest bio-oil
yield of 33.8% was obtained with 0.5% catalyst lagdSimilar results were reported in
previous studies on the woody biomass HTC withlatikdalyst (Ogi et al., 1985; Karag0z et al.,
2006; Bhaskar et al., 2008), as well as sewage@sl(@dokoyama et al., 1987; Suzuki et al.,
1988), and barley stillage (Dote et al., 1991). ideer, Alkali catalyst had little catalytic effect
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on bio-oil production from alage HTC, because aleg@&ained a considerable amount of sodium
(Dote et al., 1994; Minowa et al., 1995; Zhou et 2010).

Bio-oil yield (%)

O [ I I 1

0 0.5 1 1.5
Catalyst loading (%)

Figure 6.4 Effect of catalyst loading on bio-oil poduction from cellulose (&) and xylose &)
hydrothermal conversion

(300°C, 20min retention time, 10% biomass content)

6.3.2 I nteraction effects between pure cellulose, hemicelluose, and lignin

The maximum bio-oil yields of cellulose and hemligieise HTC were both obtained at
300°C for 20min with 10% feedstock loading and 0 &ftalyst loading (on a total reactants
weight basis). Thus, in this section, all experitsemere conducted at 300°C for 20 min with
50g feedstock, 2.5g sodium hydroxide, and 447 .%gnieed water. In order to investigate the
interaction effect among HTC of cellulose, hemiglgiée and lignin, it is assumed that the three
components HTC is unaffected by each other, anditieévidual content in the feedstock has
no significant effect on bio-oil production. Thegwothesis bio-oil yield is calculated by the

following equation:
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Y.

i,Hypothesis

= ay,

i,Cellulose

+ bYI ,Xylose + CYi ,Lignin (6'1)

where Y nypothesis(weight percent, %) is calculated product yieldday given feedstock (i=1 or
2, denoting bio-oil or char, respectively); a, bda are cellulose, xylose and lignin content in
the feedstock, respectively, %; eiuiose Yi, xylose @Nd ¥ Lignin @re product yields of pure
cellulose, xylose and lignin HTC at 300°C for 20miith 10% feedstock loading and 0.5%
catalyst loading. Y celulos=21.38%, ¥, xylose=19.00%, Y., Lignin=0; Y2, cellulos&5.44%, Y5,
xylose=13.34%, %, Lignin=42.96%.

6.3.2.1 Hydrothermal conversion of the mixture of cellulose and xylose
The mixture of cellulose and D-xylose (modiehemicellulose) was used as

feedstock in this section to investigate the irdeoa between cellulose and hemicellulose, in
which the cellulose or xylose content increasechffioto 100% with an interval of 20% on a
feedstock weight basis. The hypothesis productigielere calculated via Eq. (6-1) with c=0. As
shown in Figure 6.5, the actual bio-oil yields @é&sged as cellulose content in the mixture of
cellulose and xylose increased to 20%, and thaeased as cellulose content further increased.
As described in section 6.3.1, cellulose had béiteoil production potential than xylose. When
part of xylose was replaced by cellulose in thetorix feedstock, the mixture of cellulose and
xylose should produce more bio-oil than pure xyld$mwever, the bio-oil yields of the mixture
feedstock were lower than that of pure xylose HTi@mvcellulose content was less than 60%.
Furthermore, the actual bio-oil yields were lowsar hypothesis yields. The above results
indicated that there was negative interaction betweellulose and xylose HTC. Competition
might exist between cellulose and xylose HTC. & teported that there are competitive parallel
reactions in biomass HTC (Behrendt et al., 2008mfetition might exist between cellulose and
xylose HTC. When the ratio of cellulose to xylegas 1:4, the lowest bio-oil yield of 15.0%

was obtained.
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Figure 6.5 Effect of cellulose and xylose contentdheir mixture hydrothermal conversion

(300°C, 20min retention time, 10% biomass cont@®% catalyst loading)

6.3.2.2 Hydrothermal conversion of the mixture of cellulose and lignin

The mixture of cellulose and lignin was usedesedstock under the same conditions.
When lignin content in the feedstock was highent®@%, more unconverted lignin and high
molecular lignin cleavage products were producebthay were difficult to be separated from
the aqueous products. HTC products when ligninesdrwas higher than 60% in the feedstock.
Thus, the cellulose content increased from 40900%d with an interval of 10% on a feedstock
weight basis in this section. Figure 6.6 showsctileulated (b=0) and actual product yields. The
actual bio-oil yields were higher than hypotheseddy but actual char yields were lower, which
indicated that bio-oil formation was improved amducformation was inhibited. Demirbas
(2000) reported that free phenoxyl radicals deriveth lignin decomposition had a random
tendency to form bio-char via condensation or rgpelrization. However, Roberts and co-
workers (2011) reported that boric acid inhibited tondensation reaction in pure lignin base-
catalyzed HTC. The acetic acid and other organasgwroduced from cellulose HTC might be
the reason for the positive interaction betweehulmse and lignin in the HTC process. As can
be seen in Figure 6.6, bio-oil yield increasedalilmse content increased with low cellulose
and high lignin content feedstock, and then sligd#creased when as cellulose content further
increased with high cellulose and low lignin contiedstock. The maximum bio-oil yield of
32.0% was obtained with from the feedstock with 6&#ftulose content and 40% lignin in the
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feedstock. Char yield decreased with increasiniglloske content, and then appeared to level off

when cellulose content was higher than 70%.

—&— Bio-oil (experiment) —— Bio-oil (hypothesis)
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Figure 6.6 Effect of cellulose and lignin contentrtheir mixture hydrothermal conversion

(300°C, 20min retention time, 10% biomass cont@®% catalyst loading)

6.3.2.3 Hydrothermal conversion of the mixture of xylose and lignin
HTC of the mixture of xylose and lignirmsvconducted under the same conditions, and the

xylose content increased from 40% to 100% withreerval of 20% on a feedstock weight basis
in this section with a=0 in Eq. (6-1). In Figur& 6the actual bio-oil yields were slightly higher
than the hypothesis yields, which indicated that significant interaction effect occurred
between xylose and lignin HTC. Similarly, the attclzar yields were lower than the calculated
values, might duo to the acids produced from xyld$€. However, the difference between the
actual and calculated bio-oil/char yields was sroaihpared to the HTC of mixture of cellulose
and lignin. The final pH values of aqueous prodficim cellulose and xylose HTC at 300°C for
20min retention time with 10% biomass content an8% catalyst loading were roughly
measured by pH paper. The former one (~3) was |tvaar the latter (~4) one, which meant that

xylose produced less acids than cellulose.
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Figure 6.7 Effect of xylose and lignin content onhteir mixture of hydrothermal conversion

(300°C, 20min retention time, 10% biomass cont@®% catalyst loading)

6.3.3HTC of real and model biomass
To investigate the HTC of the mixture of cellulosemicellulose, and lignin, seven real
biomass and their model substances were usedsistiidy. The model biomass was made of
cellulose, D-xylose, and lignin, whose contentsea@lculated as follows:
C j.real
ijodel = : ><100% (6-2)
’ C + C + C

1,real 2 ,real 3 real

where G moder G, reas Were chemical composition content of model bionzassreal biomass (j =
1, 2, 3 for cellulose, hemicellulose, and ligniespectively); @ rear Co, real, Cs, reaiWwere cellulose,
hemicellulose, and lignin contents in real biomasspectively. The chemical compositions of
real biomass and their model substances were piegsenTable 6.1.
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Table 6.1 Chemical compositions of real and modeidmass

Real biomass Cellulose (% Hemicellulose (%) Ligf¥6) | Bio-oil yield (%)
Corn cobs 35.6 29.95 14.21 29.86
Switchgrass 31.0 20.4 17.6 23.59
Big bluestem 31.24 26.24 17.29 28.5
Cherry wood 39.07 18.63 20.09 25.64
Pecan wood 40.06 15.43 22.85 27.09
Pine wood 41.56 13.88 25.08 28.34
Hazelnut shell 20.66 22.08 40.77 23.6
Model Biomass Cellulose (% Hemicellulose (%)  Ligio) | Bio-oil yield (%)
Corn cobs 44.63 37.55 17.82 21.86
Switchgrass 44.93 29.57 25.51 22.26
Big bluestem 41.78 35.09 23.12 30.06
Cherry 50.22 23.95 25.83 25.80
Pecan 51.14 19.70 29.17 28.60
Pine 51.61 17.24 31.15 27.80
Hazelnut shell 24.74 26.44 48.82 22.00

HTC of the real and model biomass was conduct@@@tC for 20min with 10%

biomass content, and 0.5% catalyst loading. Taldl@&sents experimental bio-oil yields of real
and model biomass HTC. The relationships betweesoiblyield and the total amount of
cellulose and hemicellulose in real and model b&snwaas analyzed and were shown in Figure
6.8. Bio-oil yield generally increased as the tataount of cellulose and hemicellulose in of real
biomass increased. Similar phenomenon was obs&ived big bluestems were used as HTC
feedstock (Chapter 5). When model biomass was aséekedstock, the results became more
complex as compared to real biomass. For high stgggent feedstock (65%~85% total amount
of cellulose and hemicellulose), bio-oil yield geaily decreased as the total amount of cellulose
and hemicellulose increased. However, low sugarecwmrmodel biomass did not follow this
trend. Model hazelnut shell contained the lowetstl @mmount of cellulose and hemicellulose

(51.2%) among the model biomass, but its bio-@ld/was low as 22.0%.
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Figure 6.8 Effect of cellulose and hemicellulose otent on bio-oil yield
(300°C, 20min retention time, 10% biomass cont@®% catalyst loading)

Figure 6.9 shows the relationships between bigiell and biomass lignin content. A
declining trend in bio-oil yield was observed feal biomass. For model biomass with low
lignin content but high sugar content, bio-oil diglenerally increased as increasing lignin
content. However, as lignin content of model biosnasther increased, bio-oil yield decreased.
It was consistent with the results of section 623.Bio-oil yield increased when feedstock lignin
content increased from 15% to 40%, and then deedeas feedstock lignin content further
increased to 60%. Therefore, total amount of cefleland hemicellulose might be the main
factor influencing bio-oil yield for real biomassrg, but lignin could become the dominant

factor for bio-oil production from model biomassthviow lignin content, which ranged from
15% to 35%.
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Figure 6.9 Effect of biomass lignin content on bi@il yield
(300°C, 20min retention time, 10% biomass cont@®% catalyst loading)

6.4 Conclusion

Bio-oil yields of pure cellulose and hemicellulogere both affected by reaction
temperature, retention time, feedstock content,catayst loading. The maximum bio-oil yields
of 21.4% and 19% were obtained from cellulose ardibellulose, respectively, at 300°C for
20min with 10% feedstock loading and 0.5% sodiumirbyide, but little bio-oil was obtained
from alkali lignin. Negative interaction betweerllglwse and hemicellulose HTC was found.
Positive interaction existed between cellulose lggrdn HTC even little bio-oil was obtained
from pure lignin. No significant interaction wassaoved between hemicelluose and lignin HTC.
Bio-oil yield generally increased as increasinglt@mount of cellulose and hemicellulose in real
biomass, but an opposite trend was observed foehimamass with low lignin content.
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Chapter 7 - Conclusions and Recommendations

7.1 Conclusions

Bio-oil production from lignocellulosic biomass \gdrothermal conversion has
received great attention. Hydrothermal conversidhQ) is a chemical reforming process in
which hot compressed water (or other solventsyésias reaction medium with which biomass
is depolymerized and reformed to gases, water-kolahtters, char, and bio-oil in an oxygen-
absent enclosure at relative low temperature. f@sisarch was conducted to (1) investigate the
effect of operating conditions (temperature, retantime, biomass content, and catalyst
loading) and crude glycerol on bio-oil producti¢®) to optimize the operating conditions and
investigate the interaction effects between thg@seating conditions, (3) to study the effect of
biomass ecotype and planting location on bio-aloiction; (4) to investigate the effect of
biomass chemical compaositions on bio-oil productibime following conclusions were drawn:

Corncobs were used as the feedstock to investilgateffect of operating conditions and
crude glycerol (solvent) on bio-oil production. Tiighest bio-oil yield of 33.8% on the basis of
biomass dry weight was obtained at 305°C, 20 ntenten time, 10% biomass content, and
0.5% catalyst loading on a total reactant weiglsishal he effect of crude glycerol on corn cob
HTC was investigated at 305°C for 20min with 10%ncobs and 0.2% catalyst loading. Bio-oil
yield based on the total weight of corn cobs andierglycerol almost remained constant when
the ratio of crude glycerol/corn cobs was below8dramatically increased to 36.3% when the
crude glycerol ratio increased to 4 i the gas product also increased from 11.1% t6%7as
the crude glycerol to biomass ratio increased féoim 5. In addition, the bio-oil with better
flowability floated on the aqueous products onaglerglycerol was added, indicating reduced
oil density and viscosity, and thus better quality.the crude glycerol to biomass ratio increased
from O to 5, oxygen content in bio-oil increaseohfir13.8% to 19.9%, carbon decreased from
77.5% to 65.8%, and hydrogen had no significanhgbkaThus, crude glycerol had at least two
effects on biomass HTC: It increased bio-oil yiafdl quality in terms of low viscosity and
density, but the oxygen content of bio-oil slighttgreased as more crude glycerol was used.

Furthermore, the optimization of operating condisidor corncobs HTC was conducted
via response surface methodology. Second ordenpuoiial models were developed to predict

bio-oil yield and carbon recovery, and first ordevdel was developed to evaluate bio-oil carbon
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content. The models were adequate enough ownitigtlow P value (<0.001), and insignificant
lack of fit (P>0.05). Higher bio-oil yield and canb recovery rate were achieved at low
temperature for short retention time with high bas® content and moderate catalyst loading,
but higher bio-oil carbon content was obtainedigih bkemperature with low biomass content
regardless of retention time and catalyst loadingaximum bio-oil yield of 41.3% was
obtained at 280°C, 12min, 21% biomass content,1ab@P6 catalyst loading. The experimental
bio-oil yield of 39.5% was well consistent with theedicted one. A highest bio-oil carbon
content of 74.8% was produced at 340°C with 9% lssrcontent regardless of the retention
time and catalyst loading. A maximum carbon recpwr25.2% was observed at 280°C, 12min,
21% biomass content, and 1.03% catalyst loading.pradicted bio-oil carbon content and
carbon recovery also were confirmed well by thedadion experiments. The properties of the
bio-oil obtained at the optimal conditions for lm-yield were measured. The heating value of
the bio-oil was low as 25.41MJ/kg due to its lowbma content (63%) and high oxygen content
(28.8%). The chemical compounds of the bio-oiluneld ketones, alcohols, esters, and long
chain alkane hydrocarbons, in which 2-Ethylhexyfecaptoacetate and 1-Hexanol, 2-ethyl- were
the dominant compounds.

The effect of biomass ecotype and planting locatiotio-oil production were studied
on big bluestems. Three ecotypes (CKS, EKS, IL)@mal cultivar (KAW) of big bluestem
(Andropogon gerardii) that were planted in three locations (Hays, K&nkhttan, KS; and
Carbondale, IL) were converted to bio-oil via HTBIo-oil yield of big bluestem HTC was
significantly affected by both ecotype and plantimcation, but the latter was more influential.
The interaction effect between ecotype and plaritngtion on bio-oil yield was statistically
insignificant (p > 0.05). Bio-oil C and O contemtsre significantly affected mainly by ecotype
(p < 0.01) and sometimes by the interaction betvemetlype and planting location (p < 0.05);
however, planting location alone had no significafféct on bio-oil C or O contents. Generally,
the IL ecotype and the Carbondale, IL and Manha&planting locations gave higher bio-oil
yield, which can be attributed to the higher tallulose and hemicellulose content and/or the
higher carbon but lower oxygen contents in thesdgcks. Bio-oil from the IL ecotype also
had the highest carbon and lowest oxygen contetiish were not affected by the planting

location. Bio-oils from big bluestem had yield, miental composition, and chemical compounds
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similar to bio-oils from switchgrass and corncadithough mass percentages of some of the
compounds were slightly different.

In order to better understand lignocellulosic biss\BITC, cellulose, hemiecellulsoe, and
lignin were used as feedstock to investigate tfecebf operating conditions on their HTC and
interactions between them in HTC process. Bio-@ildg of cellulose and hemicellulose were
both affected by reaction temperature, retentiortifeedstock content, and catalyst loading.
The maximum bio-oil yields of 21.4% and 19% weréaated from cellulose and hemicellulose,
respectively, at 300°C for 20min with 10% feedstlmading and 0.5% sodium hydroxide, but
little bio-oil was obtained from alkali lignin. Nagve interaction between cellulose and
hemicellulose HTC was found. Positive interactigised between cellulose and lignin HTC.
No significant interaction was observed betweenibelimose and lignin HTC. Furthermore,
hydrothermal conversion of seven real biomass heid todels (corncobs, big bluestems,
switchgrass, cherry, pecan, pine, and hazelnuk) slieb were conducted. Bio-olil yield increased
as real biomass cellulose and hemicellulose comergased, but an opposite trend was

observed when model biomass with lignin conterg than 40% was used as feedstock.

7.2 Recommendations
Compared with other biofuels production technolsgli&e fast pyrolysis, gasification,
combustion, fermentation, digestion, HTC is stilaa early stage of development, which faces
many challenges. The following are recommendedufire studies:

* The products chemical compositions will be investgl for HTC reaction mechanisms
and kinetics study.

» The effect of operating conditions, solvents used, biomass chemical composition on
bio-oil compounds needs to be investigated for dameam bio-oil separation and
upgrading.

» Bio-oils produced from HTC can not be used as prartation fuels directly duo to its
poor quality. Efficient and low-cost bio-oil upgiiag technologies are necessary.
Catalytic cracking and hydrotreatment are widelgdu® upgrade pyrolysis bio-oils. The
possibility and effectiveness of various catalystd hydrogen providing solvents for
HTC bio-oil upgrading will be investigated.
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* Aqueous products contain many valuable compounat gs acetic acid, phenol,
benzene, and their derivatives, which can be ebetiasftom aqueous products. The effect
of operating conditions, solvents used, and biormhemical composition on the
valuable chemicals production will be studied.
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Chapter 8 - Contributions

This research has made several unique contributiiotie field of biomass hydrothermal

conversion as follows:

Models for the estimation of bio-oil yield, bio-a&rbon content, and bio-oil carbon
recovery of corncobs HTC have been developed. Timeskels reveal the effect of
operating conditions (temperature, retention timemass content, and catalyst loading)
on bio-oil production and their interactions. Tlesults will help in selecting appropriate
operating conditions for bio-oil production frongtiocellulosic biomass HTC, and
promote biofuels production from agricultural ressd.

The possibility and effectiveness of using crudeefol as an inexpensive solvent in
lignocellulosic biomass HTC has been investigaté results will be valuable in
treating and utilizing crude glycerol, and provateoption to improve bio-oil production
from lignocellulosic biomass HTC with low cost.

The effect of biomass geographic/ecotype infornmatin bio-oil yield and chemical
compositions has been studied. It provided fundaah@mformation and methodology to
evaluate the potential of biomass (using big bkrasts an example) as a biofuels
feedstock.

The relationships between bio-oil yield and biomassmical and elemental
compositions have been investigated. The modeldearsed to evaluate bio-oil yield in
light of biomass chemical and elemental composstiamd are useful for biofuels
feedstock selection and design.

The conversion mechanisms of and interactions lBtwellulose, hemicellulose, and
lignin in HTC process have been studied. Such tesuill help in further understanding
the mechanisms of lignocellulosic biomass HTC, pravide fundamental knowledge for
process optimization and downstream bio-oil separatnd upgrading.
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