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ABSTRACT

Lignocellulosic materials provide a raw material source for biofuel coiovers
and offer several advantages over fossil fuels- usage of a renewableeeseduced
greenhouse emissions, a decreased dependence on foreign oil, and stimulation of the
agricultural sector. However, a primary technological challenge in converting
lignocellulosic biomass into fuel is overcoming the recalcitrance of itexma
enzymatic hydrolysis. To overcome these problems for chemical processingljyhatura
occurring cellulose biomass must be pretreated before it can be furthesggoasing

enzymatic hydrolysis or bioconversion.

The goal of this work was to develop a model that predicts the glucose yield
(pretreatment and enzymatic digestibility) of dilute acid pretreatedisyvass as a
function of pretreatment process conditions (acid loading, 0-1.5 vol%, temperature, 165-
195°C, and residence time, 1-10 min). This project was the first study that used-a mult
variable design experimental series to directly compare the pretradfiectiveness
(product yield, biomass composition and appearance, pH, etc) of using conventional and

microwave heated reactors.

Microwave-pretreated switchgrass afforded up to a 100% higher total glucose

yield (combined pretreatment and enzymatic-hydrolysis liquor yieldsjuitadent

pretreatment severity and at one tenth of the reaction time, relative to conventiona

Xii



pretreatment. Under best pretreatment conditions of 0.75 vol% acftf;,1D&in

residence time, 99% glucose yield and 99% hemicellulose removal were achieved.

Kinetic parameters were estimated for the cellulose and xylan hydrobgsitions
in the pretreatment liquor and the solid residue. The kinetic model gave an average
correlation coefficient of 0.93 for all reactions. In addition, the combined sefacttys
(CSF) were also determined for each experiment. Highest observed ecaylonaise

yield corresponded to a CSF of 1.7.

A mass and energy balance, and economic analysis based on production scale was
developed for both reactor systems. The microwave pretreatment processctigoret
yielded 48% more ethanol relative to the conventional process. For microwave
pretreatment to be commercially viable, two criteria must be met. Onegghoclarge-
scale continuous microwave reactors would need to be significantly lower thamt curre
estimates. And second, higher solids content must be u8édw$o in the slurry) to

maximize output.
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1.0 BACKGROUND AND SIGNIFICANCE

Gasoline is a petroleum-derived liquid mixture consisting of 5-to-12-carbon
hydrocarbons, including parrafins, naphthenes, aromatics, olefins, and hazardous
chemicals (5 to 35 percent by volume) such as benzene (to increase the octane rating
toluene, naphthalene, trimethylbenzene, apthyitert-butyl ether(MTBE) (Kaufmann

and Shiers, 2008).

Global petroleum consumption has reached 84,035,000 barrels per day, with U.S.
petroleum consumption at 20,802,000 barrels per day. Current U.S. motor gasoline
consumption is 384.7 million gallons per day, or 140 billion gallons annually. The US is
set to consume 290 billion gallons of gasoline a year in cars and trucks by 205@ninflati
adjusted gasoline prices have skyrocketed from $1.35 to $3.22 per gallon from 1998 to

2008. (Energy Information Administration, 2008)

Worldwide energy consumption for 2007 was approximately 5X80Us
(British Thermal Units) according to the Energy Information AdministretEnergy
Information Administration). The US accounts for about 27% of this consumption
(Energy Information Administration, 2008a). The agency projects global energy
consumption to surpass 7X1@TUs by 2030. More than 50% of the projected increase
in global energy demand over the next twenty years is attributed to the growing

economies of China and India, which currently account for approximately 18% of global



energy consumption. This increase offsets the 17% projected decline in ther&8fsha

global energy consumption by 2030. (Energy Information Administration, 2008)

In the long term, fossil fuels are not projected to satisfy the growinglgtabegy
demand. Many industry experts predict that the world will face a “peak aifiten
within the current century. Estimates on the data for “peak oil” vary from 2010 to 2030.
Models by Campbell and Laherrere (1998), USGS (2000), IEA World Energy Outlook
(Energy Information Administration, 2008), and Jackson (2007) alternatively project
peak oil to arrive by 2010, 2023, 2030, and after 2030, respectively. Differences in the
estimated dates for peak oil result from varying estimates of the mdgmt untapped
reserves. Current estimates for crude oil long-term availabilityer&mrogh 0.8 to 2.9

x10" barrels (Kaufmann and Shiers, 2008).

There is tremendous interest in the commercialization of alternatives to
petroleum-derived fuels. This is a direct result of the increasing globejydemand,
uncertainty of crude oil supplies, and environmental impacts from the use of thdse foss
fuels. In addition, there is also concern about US dependence on the use of foreign oil
supplies and the price fluctuations caused by geo-political situations. One exsuthg!

1973 Arab oil embargo, which resulted in spikes in crude oil prices four times over a 12-
month period. This resulted in a US recession, and a 3% decline in the US gross domestic

product (Hirsch, 2008).



Studies have shown that global climate change is a result of forced walneing
to greenhouse-gas emissions (Hegerl et al., 2007). These greenhouse gasebdne., C
dioxide, methane, and nitrous oxide), account for more than 50% of the overall
greenhouse effect and are liberated by fossil fuel combustion (Schnoor, 2005)orEheref
the projected increase in energy demand will result in an increased use dufdsshd
greenhouse emissions. Carbon dioxide emissions are projected to increaself®¥m 2x
tons in 1990 to over 4x1Btons by 2030 (Energy Information Administration, 2008a).
Sulfur and nitrous oxide emissions are other byproducts of fossil fuel combustion. These
gases are major contributors to acid rain, which is harmful to freshwateespiarests,

soils, and buildings, in addition to adversely affecting human health (Demirbas, 2004).

Coal and crude oil together represented over 60 percent of domestic energy
consumption in 2007. Approximately 60% of the total crude oil in the US is refined into
motor gasoline. Renewable energy represents less than eight perttenplywhalf
obtained from biomass. However, 9.2 percent of energy usage in Europe is derived from
renewable resources, with some countries using as much as 41 percent. (Energy.eu,
2006). The Department of Energy (DOE) and the US Department of AgricultuBA)US
have both reported that over 1%1ns of biomass can be harvested to displace up to 30

percent of current fossil fuel usage (Perlack et al., 2005).

A comprehensive renewable energy plan is necessary to the meet theegroject

global energy usage and address environmental concerns associated witlelgssi



Renewable energy sources such as biomass, geothermal, hydroelectriansol&nd

are important parts of an environmentally sustainable energy plan.

Biofuels (e.g., bioethanol, biodiesel, and biobutanol) play a key role in this energy
plan. Biofuel are produced by the process of converting organic matter into a ablabust
fuel as a replacement for fossil fuel. This replaces oil and natural gasijrfg on the use
of organic matter in the efficient production of liquid and gaseous biofuels, which yiel
high net energy gains. This alternative fuel source can be derived from jovhésh is
a readily renewable energy source, unlike other natural resources suttolasiipe coal,
or nuclear fuels. They offer several advantages over fossil fuels: usagerawable
resource, reduced greenhouse emissions, decreased dependence on foreign oil, and
stimulation of the agricultural sector (Sun, 2005). These alternatives haveaheghdo

replace a significant amount of gasoline in the transportation sector.

1.1 Lignocellulosic biomass

Biomass consists of harvested plant-derived materials that are abundant,
inexpensive, and potentially convertible to fuel by fermentation processes.aiégain
can be found as starch in corn, wheat, potatoes, cassava, and other agricultural products
and as monomeric sugars or soluble oligomers in corn syrup, molasses, raw segar juic

sulfite waste liquors. (Ng, 1983)



Current energy-crop production competes for fertile land with food (corn, rice,
sugar, and wheat) and their residues (e.g., corn stover or soybean hulls). This also
increases pollution from fertilizers and pesticides, and is harmful to the bsitdnear
the land (Tilman, 2006). One primary objection to food-based energy crop production is
that it could divert agricultural production away from food crops. This could lead to
greater food shortages in both the poor and developed countries. There was a 20-million-
ton increase in world grain consumption in 2007, roughly 1%. A large component of that
— 14 million tons — was used to fuel cars in the U.S. This leaves only six million tons to
cover growing food needs. (US Department of Agriculture, 2007) The key to legseni
demand for grain is to commercialize biofuel production from low-input crops such as
lignocellulosic biomass in the form of perennial grasses, wood chips, crop resiess, f

and mill residues, and urban refuse. (Ng, 1983).

Naturally occurring lignocellulosic materials, as shown in Figure e ha
carbohydrate-rich cellulose and hemicellulose fibers that are surroundddyiin seal.
This forms a complex structural matrix that is resistant to enzymatiolygis. The
hemicellulose fibers act like a glue that fill the voids between and arodotbseland
hemicellulose fibers. The lignin acts as a protective sheath, thus providingidhe r
characteristics. This structure reduces accessibility to the pohaade molecules.
Hence, removal of the hemicellulose and lignin greatly enhances polgsaech
accessibility. The carbohydrate and lignin composition differs based on thepaims

(Sun, 2005).



Cellulose

(crystalline)

Lignmn

Hemi-cellulose (amorphous)

Figure 1: Lignocellulosic structure

In addition to the lignin seal, cellulose chains are held together latbyally
intermolecular hydrogen bonds (Fengel and Wegener 1984). These intramolecular
hydrogen bonds form between repeating glucose units (Fengel and Wegener 1984). The
combined effect of the bonding energies of the hydrogen bonds increases the rigidity of

cellulose, causing further insolubility and resistance to hydrolysis.

1.1.1 Cellulose

Cellulose fibers are highly stable homopolymer chairfsDfglucose units that
are linked vig-1-4 glycosidic bonds. The basic repeat unit of cellulose is cellobiose,
which consists of two glucose molecules. This linearity of the cellulose aleguss in a

highly ordered packing of cellulose chains that interact via inter- and imiecular



hydrogen bonds involving the hydroxyl groups and hydrogen atoms of adjacent glucose
units. As a result, cellulose fibers contain both crystalline fibers and somplaasr
regions. In a biomass feedstock, cellulose is the primary reservoir of gltleskesired
fermentation substrate. However, overcoming the crystallinity of thdase fibers is a

major obstacle for efficient enzymatic hydrolysis (Fengel and Wed€g=t).

CH,OH H COH CH,OH H OH

H OH CH;0H H OH CH,0H

Figure 2. Cellulose structure

1.1.2 Hemicellulose

Hemicellulose is an amorphous biopolymer. These heteropolymer fibers vary in
structure and composition, and are composed of five-carbon sugars such asnd/llose a
arabinose, and six-carbon sugars such as galactose and mannose. Switchgiass conta
two primary types of hemicellulose: arabinoxylan and glucomannan. Arabinoxylan,
which consists of a xylan backbone made up-of4-linked D-xylose units with frequent
arabinose side chains, is the dominant hemicellulose component (Fengel aneéMWegen
1984). The presence of arabinose side chains reduces hydrogen bonding, which

contributes to the low crystallinity of hemicellulose. Glucomannan is the minor



hemicellulose component. This component is a copolymeric chain of glucose and
mannose units. Intermittent branching in glucomannan also contributes to the low

crystallinity (Fengel and Wegener 1984).

H OH OH H OH OH

Figure 3. Hemicellulose (xylan) structure

1.1.3 Lignin

Lignin is a stable, high-molecular-weight compound built of phenylpropane units:
p-coumaryl alcohol, coniferyl alcohol, and synapyl alcohol. These units areeteferas
monolignols. Lignin has a highly complex structure and is difficult to illtstaa basic
structural units. The proportions of these components vary based on the type of
lignocellulosic material. Switchgrass is comprised of equal portions diraé t
monolignols. There are many types of carbon-carbon and ether bonds between individual
monolignols. As a result, a complex lignin structure consisting of dimersysiared
tetramers is formed by random linkages. The carbon-carbon bonds are thesstrong

contributing the major part of the barrier nature of lignin (Fengel and We884y.



HO

HO

Figure 4. Lignin structure

1.2 Switchgrass

To be sustainable, biomass production must not interfere with existing food-crop
production. One means of addressing this is to grow and harvest biomass must be
harvested on marginal lands not currently in production. There are approximately 202
million acres of agriculturally abandoned and degraded land in the U.S. that can be used
to grow energy crops such as perennial grasses (Tilman, 2006). These ay@asses
commonly used as fodder crops, and contribute to the energy supply on farms through the
use of draft animals (Lewandowski, 2003). Perennial grass is one energy-crop eandidat
that can be produced on most agricultural land resources, many of which are na suitabl
for row crops. These grass crops have the potential to achieve high growtimratese
marginally productive croplands where erosion is a concern and soil stadnilizat
needed (Tolbert, 1998) This development also has the potential for stimulating the

agricultural sector by providing a new source of income for farmers (Alizadeh, 2005)



SwitchgrassRanicum virgatum, L., Poaceae), as shown in Figure 5, is a warm-
season, sod-forming, tall grass, which combines good forage attributes and soil
conservation benefits. This North American native perennial grass betotings t
subfamily Panicoideae of the Gramineae family. This species is commentyaed
with the natural vegetation of the Great Plains and the western Corn Belt addlis w
distributed in grasslands and non-forested areas throughout North Ametioatbas
Rocky Mountains. This grass has been planted in pasture and range-grass foixtures
many years and has become increasingly important as a pastureapasse of its
ability to be productive during the hot months of summer, when cool-season grasses are
less productive. In southern parts of the US, switchgrass can grow to more than three

meters tall and develop roots to a depth of more than 3.5 m (Blake, 2008).

Figure 5. Switchgrass

Source: (Elberson, 2009)
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Switchgrass can be harvested in a variety of soil types. Further, it is deat an
drought tolerant, while growing well on soils that are shallow and rocky. I&as a
tolerant to wet areas, environmental restoration, and crop-managemenetrsat
Switchgrass can be easily integrated into existing farming operasmasise
conventional equipment for seeding, crop management, and harvesting can be used. This
grass can grow on sand to clay loam soils and can tolerate soils with pH valueg rang
from 4.9 to 7.6. Annual yields have been reported to be between 11.1 and 34.6 Mg dry
mass per hectare (Lewandowski, 2003). Blake (2008) reported that switcltagrassid

between 500 and 1,000 gallons of ethanol per acre using existing technology.

Table 1. Switchgrass forage yield cited in the literature

Reference Region Yield, Mg ha'
Lewandowski et al. Texas 13.2
Lewandowski et al. Upper South 12.1
Lewandowski et al. Alabama 26.0-34.6
Lewandowski et al. Britain 11.1

1.3 Pretreatment

A primary technological challenge in converting lignocellulosic bionmatssfuel
is overcoming the recalcitrance of its matrix to enzymatic hydsolyi® overcome these
problems for chemical processing, naturally occurring cellulosic biomagssmus
pretreated before it can be enzymatically hydrolyzed. Pretreatsnent iof the most
expensive and least technologically mature conversion steps in the cellliasiol et
process (Laser, 2001). The purpose is to transform the lignocellulosic stintdieie

usable fermentation substrate. Economic viability of the pretreatment piE@snds on

11



its ability to minimize energy demands and limit costs, such as feedstockdimtion,

materials of construction, and treatment of process residues (Mosier, 2003).

To qualify as effective, a pretreatment must meet the followingierit) it
maximizes the fermentable glucose yield, 2) it minimizes the formatitermaentation
inhibitors from sugar degradation, and 3) it is economically efficient. Prirsubstrate
factors that have been correlated with pretreatment effectiven&sdemecreased

cellulose pore volume and hemicellulose and lignin removal.

Pretreatment processes can be loosely grouped into three categoriest phys
microbial, and chemical. Physical pretreatments, which demand large amabenésgy,
employ purely mechanical means to reduce feedstock particle size, thusingrea
surface area available for enzymatic hydrolysis. Examples of suctspesaaclude ball
milling and compression milling. The primary issue associated with glysic
pretreatments is the relatively high energy cost. Microbial pretreatnses
microorganisms to remove lignin and improve enzymatic cellulose didigtiAn
example of such processes is the use of the fuBgatlus stercoreus to improve
hydrolysis. The primary issues associated with microbial pretreatneate slow
kinetic and high economic considerations (Hu, 2007). Chemical pretreatments use a
variety of chemicals as pretreatment agents: water, acids, alkghsjosolvents,
oxidizing agents, and supercritical fluids. Dilute acid, liquid anhydrous ammong, lim
and ionic solvent pretreatments have emerged as particularly effectiveahem@thods

(Laser, 2001).

12



1.3.1 Chemical pretreatment

Chemical pretreatment has been a widely explored approach to overcoming the
recalcitrance of natural biomass. Many acids, bases, and other chentoabsepr
hydrolysis and improve fermentable sugar yield through the removal of Hietose
and/or lignin. An extensive array of chemical pretreatment options such as thfe use
oxidizing agents, acids, bases, and other solvents have been investigated. Oxidizing
agents tested include alkaline peroxide, sodium and calcium hydroxide, ozone, dioxane,
and peroxyacid (organosolv). Acids evaluated include sulfuric acid, hydrochloric acid,
phosphoric acid, and nitric acid. Chemical solvents such as ammonia, aprotic solvents
(i.e., DMSO), and metal complexes have been explored. These chemicals have shown
varying degrees of effectiveness in reducing cellulose crystglligrupting the lignin

matrix, and dissolving cellulose (Hu, 2007).

Reaction time, together with temperature and pH, has been reported to influence
the pretreatment severity or harshness. Several studies expressatmestt severity in
terms of a combined severity factor (CSF), that account for multiple processamdit
(Schell, 2003; Kabel, 2006; Chum, 1990) The CSF can be used to determine the best set
of experimental parameters required to balance the maximization of Helogelnd
lignin removal with the minimization of glucose degradation, enabling furthesfuke
remaining cellulose (Garrote, 1999). The proposed severity factor is based on an

approximation to Arrhenius temperature behavior, but is not limited to first-ormetidd

13



and allows the well-known reduction in reaction rate with extent of reaction to be
accommodated. The formalism presented here linearizes the temperaturerdeha
convenience, and is equivalent to the Arrhenius formal treatment. The CSF provides a
method for consolidating the effects of pretreatment temperature, resioeacartd

acid concentration into a single parameter, which can be useful for analyaiitg.r&his
factor is dependent on process conditions, and does not reflect any physical parameter

CSF is calculated by equation 1:
T-100
(1) CSF = |09m[t x @ 1475 ]_ pH

wheret is the reaction time in minuteg,is the reaction temperature in degrees Celsius,
and pH is the final pH of the pretreatment liquor. This equation is based on several
assumptions. First, the practical operating range span —4 to 3, with highest observed
hemicellulose removal at CSF values between 1.4 and 1.7 (Schell, 2003). Low calculated
CSF values (-4 to 0) represent less harsh conditions (i.e. relatively low teumpgra
residence time, and acidity). High values (0 to 3) represent harsher confligons
relatively high temperatures, residence time, and acidity). Second, thiegra
temperature operating range is between 100 antC23@mperatures exceeding 2G0

will drive significant thermal degradation of all polysaccharides and monaaaties,
leaving behind mostly lignin in the product (which is not usable for microbial digestion).
Third, since the CSF equation is based on the Arrhenius equation for acid catglysis, li

pH of 7 or less can only be used. (Chum, 1990)
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1.3.2 Acid hydrolysis

There are numerous reactions that take place in aqueous sulfuric and other strong
acid media. This includes hydrolyses, dehydrations, hydrations, isomerizations
electrophilic substitutions, aromatic rearrangements, carbonylaeactind a number of

other reactions. (Cox, 1987)

Sulfuric acid has also been added to cellulosic materials for many years,
particularly in the pulp-and-paper manufacturing bleaching process (Root1&59;
Zeitsch, 2000). This acid has been widely used and studied for pretreatment. lorkhis w

sulfuric acid was used to catalyze the hydrolysis of polysaccharides fourmiads.

The molecular mechanism of acid-catalyzed cellulose hydrolyspiliegented by
the cleavage of thg1-4-glycosidic bond (Xiang, 2003). This is a homogeneous reaction
in which the acid catalyzes the breakdown of cellulose to produce oligomers (cellobios
and monosaccharides (glucose). The rate of thermal induced degradationeisatexrt@h
the presence of water, acids and oxygen. As the temperature increase, th®fdegre
polymerization of cellulose decreases further, free radicals appdararbonyl, carboxyl
and hydroperoxide groups are formed. This undesirable and independent reaction
involves the breakdown of glucose to form degradation products, such as xylitol, succinic

acid, L-lactic acid, glycerol, acetic acid, ethanol, 5-hydroxy-2-fieiayde, and furfural
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(Hu, 2008). Excessively severe conditions such as high acid loading or high temperatures
can result in oxidative degradation of carbohydrates, yielding fermentahiditors

(Mosier, 2003).

Kinetic modeling plays a key role in the design, development, and operation of
reactors. Kinetic data are also vital in the design and evaluation of protehkydsolyze

cellulosic materials to glucose for ethanol conversion (Conner, 1985).

Cellulose hydrolysis depends on the reaction rates for glucose formation and
degradation. The overall system can be modeled as two consecutive pseudo-first-orde
reactions proceeding independently. The rate constants are functions adl flhadiag

and reaction temperature (Conner, 1985).

(2) A->B->C
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CH,0H H OH CH,0H H OH

H OH CH,O0H H OH CH,0H

CH,0H

H OH

Figure 6. Cellulose hydrolysis reaction

where
e A represents crystalline cellulose
e B represents glucose monomers

e C represents glucose degradation products

The challenge arises because the processing conditions required for kisgewreaf

crystalline cellulose (A> B) also contribute to glucose degradation¢BC) (Grethlein,

1975).
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1.4 Conventional heating

Conventional chemical process heating is based on conduction, i.e., superficial
heat transfer from a region of higher temperature to a region of lower taomgeAn
external heating source must be used (e.g., a Bunsen burner, electieatateoil bath,
or heating mantle). Most batch-pretreatment reactors use conduction to Heafthss
contents to reaction temperature. The contents are typically fed into a@omesstant
vessel (e.g., stainless steel or glass) and heated using a steantricalgdweated
jacket. These vessels are typically sealed, allowing for high inteesdyme generation

(Kappe, 2005).

Conductive heating is reported to be a relatively slow and inefficient method for
transferring energy into the reaction system. This process depends on convectnts
and on the thermal conductivity of the penetrated materials. The temperatuge of
reactor is often higher than that of the contents. This process does not offer precise
temperature control, and energy transfer is not uniform. For steam-jacksteiohs, this
creates uneven distribution. As a result, superheated steam typicallysciolldet upper
portion of the jacket, with cooler condensate collecting near the bottom. Internpbtsot s
also develop around hot steam inlet nozzles, adding to the problem of uneven product
heating. This increases the likelihood of product burn-on and local overheating. Further, a
temperature gradient can develop within the contents. This can result in lo¢edadirey

causing product decomposition (Kappe, 2005).

18



1.4.1 Mechanism

Conduction is the transfer of heat or electricity through a substance,mgsulti
from a difference in temperature between different parts of the substarteecase of
heat, or from a difference in electric potential, in the case of elégtiBince heat is
energy associated with the motions of the molecules making up the substance, it i
transferred by such motions, shifting from regions of higher temperature, \where t
particles are more energetic, to regions of lower temperature. The ratd 6bhe
between two regions is proportional to the temperature difference betweeartiehe
thermal conductivity of the substance. In solids, the molecules themselves arefwbund a
contribute to conduction of heat mainly by vibrating against neighboring molecules; a
more important mechanism, however, is the migration of energetic free eldbnaungh

the solid (The Columbia Encyclopedia, 2008).

1.4.2 Pretreated switchgrass using conventionally heated reactors

There are numerous cases of conduction-heated (conventional) switchgrass
pretreatments in the literature. For example, Alizadeh (2005) pretreatetigass in a
300-mL stainless steel bench-top pressure vessel (PARR Instrument Co.n¢l hausl
anhydrous ammonia. Different biomass moisture levels (40 to 100 weight percent),
ammonia loading (0.8 to 1.25 kg ammonia:kg biomass), and reaction temperatures (80 to

100°C) were investigated. The highest observed pretreatment conditions (80 weight
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percent biomass moisture, 100°C reactor temperature, and 1:1 kg ammonia: kg
switchgrass) resulted in up to a fivefold increase in cellulose saccatwificelative to
non-pretreated biomass. Dilute-acid pretreated switchgrass examieditarature are

shown in Table 2.

Table 2. Conventional pretreated switchgrass in the literature

Reference Pretreatment Condition Result

Alizadeh 2005 Switchgrass 40-100 wt % solids 93% cellulose

Ammonia Amm 0.8-1.25 vol.% conversion

80-100C

Wyman 1992 Switchgrass 140°C 70% cellulose

Sulfuric acid 1 hour conversion

0-0.5 vol.% acid

Dien 2006 Switchgrass 10 wt% solids 76% cellulose

Sulfuric acid 0-2.5 vol.% acid conversion

150°C

1.5 Microwave heating

Microwave irradiation is an alternative approach to conduction heating, and has
proved to be a highly effective heating source in chemical reactions. Irradiag®n us
direct interaction between the heated object and an applied electromagreetiz fiel
generate heat. This heating mechanism can accelerate the reactiproxedgie better
yields and uniform and selective heating, and achieve greater reprodgoibiactions
(Kappe, 2005). Other cited advantages include reduction of process-energy reqairement
and the ability to instantaneously start and stop the process (Datta, 2001; Gabyiel et a

1998).
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1.5.1 Mechanism

Microwaves fall between the infrared and radio-frequency region of the
electromagnetic spectrum. This region corresponds to a frequency r&8@feMHz to
30 GHz. Most domestic and industrial microwave systems operate at either 900 MHz or
2.45 GHz to avoid interference with RADAR transmissions and telecommunications.

(Sridar, 1998)

A microwave photon carries only 1 joule per mole of energy, which is not enough
to induce any chemical activity in materials. As a result, microwadiatran by itself
cannot render any significant reactions in materials. However, microwdeesct with
polar molecules and ions in a material, causing acceleration in chemicaljdablagd
physical processes. Depending on the dipole moment, individual polar molecules will
react differently to microwave radiation. These interactions result in bathahand

non-thermal effects that drive physical, chemical, or biological @zct(Sridar, 1998)

Thermal effects are driven by the oscillating nature of the microwaves. This
causes the polar molecules to vibrate at a rapid rate (Figure 7). The m®lealign
themselves to match that of the electric field. The repeated vibration indigties fr
between the polar molecules, and the entire system, generating heat witystehe s
The rate of change of the electric field is relatively close to the resporesef the polar

molecules at the microwave-frequency range. Polar molecules are nat eddpdnd fast

21



enough at higher frequencies, hence no vibration or heat generation. Conversely, pola
molecules realign themselves at a slow rate at lower frequenciesingesulittle heat

generation. (Sridar, 1998)
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Figure 7. Molecular oscillations of polarizable substances under the influeace of

alternating electric field.

lonic conduction is another mechanism that induces thermal effects. loniesspec
that are dissolved in liquids or solids are excited, and orient themselves with tgghan
direction of the electric field. The ions collide with one another, generating fibat w

the system. (Sridar, 1998)

Ooshima (1984) reported that cellulosic materials are heated inteupalty

microwave irradiation. The lignocellulosic structure — cellulose, hemioskulwater,
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and other low—molecular-weight compounds such as organic acids —absorb microwave
radiation as kinetic energy. The polar molecules and their neighboring clustéosced
to orient themselves to a specific direction, followed by a shock of the polarutesiec

when the field is reversed (Ooshima, 1984).

Non-thermal effects are also believed to complement the thermal effects of
microwaves. Hu (2007) reported that microwave irradiation causes a physical
“explosion” effect among the microfibers, causing the disintegration atttadcitrant
structures of the biomass. Further, the electromagnetic field used in ENE®VE
believed to produce physico-chemical effects that also accelerate thedweeof the

crystalline regions.

Figure 8 shows a model of an inverted temperature gradient in microwaye (left
versus oil bath (right) heating. The model assumes contents in the test tubguinas e
target reaction temperature of 4Z5As illustrated, a temperature gradient can develop
within the test tube and contents. Since the test tube on the left is transparent to
microwaves, only the sample is heated, and not the test tube walls. However, theetest t
and the sample are both directly heated in the conventional heated systemT{nighs
evident by the entire test tube showing temperatures ne3t 500is leads to high

localized overheating (hot spots), which can cause product decomposition (Kappe, 2005).
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Figure 8. Inverted temperature gradient in microwave (left) versusthi(ibght) heating

(Source: Kappe, 2005)

1.5.2 Switchgrass pretreatment using microwave reactors

The first reported use of microwave pretreatment of lignocellulose wsisia
et al. (1984). Ooshima showed the benefit of microwave-assisted water pretreat
rice straw and bagasse relative to untreated biomass. Zhu et al (2006) irsestigat
microwave-assisted stepwise alkali/acid/peroxide pretreatmermiechmid wheat straw.
However, the sugar yield based on dry weight of untreated original mateasisot
provided. Therefore, it is not possible to compare these results with other pratteatme
methods. Zhu et al. also used an uncovered beaker to boil the straw-alkali solution in the
microwave. Here, volume loss due to evaporation may be significant since\aehglati
long reaction time of 60 minutes was used (Hu, 2007). Table 3 summarizes microwave

pretreated biomass reported in the literature to date.
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Hu (2007) investigated microwave-assisted alkali pretreatment of svagshgr
comparing conventional and microwave heating by varying the alkali loading, bgtausi
fixed temperature (19C) and residence time (5 minutes). Therefore, the effects of
temperature and time, and interactions thereof, were not directly compaibexdH
reactors. In addition, dilute acid pretreatment has been proven to be a monreeeffect
method for hemicellulose removal relative to alkali pretreatment. Studies gone b
Eggeman (2005) showed xylose yields of 89.7% and 0.8% for dilute acid and alkali,

respectively.

Table 3. Microwave-pretreated switchgrass in the literature

Reference Pretreatment Condition Result
Ooshima 1984 Rice straw 5 wt% solids Increased enzymatic
Sealed vessel 170-2306C hydrolysis by 2.3 vs.
Water untreated
Hu 2008 Switchgrass 5 wt% solids Increased enzymatic
Sealed vessel hydrolysis by 5.1 vs.
Sodium hydroxide 0.05t0 0.3 untreated
g alkali/g
70-90C

A more thorough and direct comparison of conventional heated vs. microwave
irradiated reactors would be necessary for determining the highest obssivedst
cost effective pretreatment approach. This information can be used for the developme
of a large-scale microwave-based pretreatment process. The hypothestisrigEtowave
pretreatment requires lower pretreatment severity (and energy consurptch)eve

comparable glucose yields relative to conventionally heated pretreatment
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2.0 MATERIALS AND METHODS

2.1 Materials

Cellulose and lignocellulosic substrates were pretreated in conventional and

microwave-heated reactors, using the specific materials and methodswas.foll

2.1.1 Substrates

Avicel® micro-crystalline cellulose (Sigma Aldrich; St Louis, MO) was used a
pure cellulose control. Microcrystalline cellulose is cellulose derivad fiigh-quality
wood pulp. While cellulose is the most abundant organic material, microcrystalline

cellulose can only be derived from a special grade of alpha cellulose.

Whatman paper (Piscataway, NJ) was also used as a pure cellulose control. These
cellulose filters are comprised of high-quality cotton linters that havetbesed to
achieve a minimum alpha cellulose content of 98%. The paper samples were gr@und to

powder using a household coffee grinder prior to pretreatment.

Switchgrass (National Renewable Energy Laboratory, Golden, CO) wassise
the experimental biomass. The air-dried and pre-cut switchgrass wasaalad ty a
powder using a household coffee grinder prior to pretreatment. The composition of the

switchgrass (on a dry basis) from an average of three randomly selectedssaiomplthe
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lot was 30.18.4% cellulose, 29.3%6% xylan, and 23.8%8% lignin (acid soluble and

insoluble). Figure 9 shows the untreated experimental switchgrass.

Figure 9. Experimental switchgrass

2.1.2 Acid

Dilute sulfuric acid solutions (0, 0.75, and 1.5 vol.%) were prepared and used as

the pretreatment catalyst.

2.1.3 Cellulase Enzyme

A cellulase enzyme fronirichoderma reesel organism (Sigma Aldrich; St Louis,

MO) was used for enzymatic hydrolysis of the solid residue for glucosigion.

2.2 Pretreatment

Conventionally and microwave heated reactors were used to pretreat the

substrates prior to enzymatic-hydrolysis.
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2.2.1 Conventionally heated reactor

Conventional heating pretreatment was performed using a 500-mL staielglss-st
reactor vessel (PARRHigh-Temperature, High-Pressure Reactor Model 4575A; Parr
Instrument, Moline, IL). This fixed-head reactor (Figure 10) has a 1,500-\WHHt Y
electric heater and is capable of heating contents up f€%0@ 5,000 psi. The head is
equipped with a gas inlet/liquid sampling port with valves and a dip tube, pressure gauge
(SS, 0-7,500 psi), gas-release valve, single-loop serpentine cooling coil, thdrmithwe
type J thermocouple, and a footless magnetic stirrer. The reactor is caustiict
T316SS stainless steel and has dimensions of 16.5” in width, 23.5” in diameter, and 43"
in height. The conventionally heated reactor was charged with 4 weigletapsatids

(10 grams of ground switchgrass immersed in 250 mL of solution).

Figure 10. PARR High-Temperature, High-Pressure Reactor Model 4575A
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2.2.2 Microwave-heated reactor

Microwave irradiation pretreatment was conducted using a CEM Explorer 48
(CEM, Inc., Matthews, NC). The microwave reactor (Figure 11) contains 48 pogdrons
10-mL vessels or 24 positions for 35-mL vessels. The reactor is capable of using up t
300 Watts of power, obtaining a 300-maximum temperature, and a 300-psi maximum
pressure. The biomass and contents were sealed in 35-mL glass vessedsliated to
the specified process conditions. The microwave reactor was also chattyddweight-

percent solids (0.6 grams of ground switchgrass immersed in 15 mL of solution).

Figure 11. CEM Explorer 48 Microwave Reactor
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2.3 Enzyme hydrolysis

In accordance with National Renewable Energy Laboratory Procedurer009 f
“Enzymatic Saccharification of Lignocellulosic Biomass”, pretréa@amples (0.1 gram
cellulose equivalent) were hydrolyzed batchwise with 60 FPU/graniasdl in a
jacketed cylindrical glass vessel under agitation (150 rpm) at 50°C and at pH 4.8.
Samples (0.5 mL) were taken continuously from the bioreactor over a three-aalyateri

eight-hour intervals and the glucose concentrations determined.

2.4  Analysis

A High-Performance Liquid Chromatograph (HPLC; Dionex, Sunnyvale, CA)
was used for chemical analysis. This HPLC uses a 0.005 M sulfuric acid soluti@n as
mobile phase, flowing at 0.6 mL per minute at@G0Biomass carbohydrates, acid-soluble
lignin, and acid-insoluble lignin were measured using the methods described in NREL
Laboratory Analytical Procedure (LAP #002) for “Determination of Struadtur
Carbohydrates and Lignin in Biomass”. Carbohydrates (monomeric sugdrsjteer
chemical species (acetic acid, 5-hydroxymethanol furfural, and furfartigi
pretreatment liquor were measured in accordance with NREL Laboratmgdere
entitled “Determination of Sugars, Byproducts, and Degradation Productsguiid Li

Fraction Process Samples”. These methods are outlined in Appendix 2.
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A scanning electron microscope was used to assess the porosity of the samples.
The LEO 435 Variable Pressure SEM offers high-performance with a iesabfitd nm.
Its 5 axis computer controlled stage is mounted in a specimen chamber measuring 300 x
265 x 190 mm. The samples were sputter coated with gold and imaged with secondary
electrons at 10mm working distance and 45 degrees of specimen tilt. The beam
conditions were 30Kv and 25 picoamps. The original images were stored in TIFF format.
They were converted to JPEG format and corrected for brightness, contrast, amal gam

for electronic transmission. No other image enhancement or modificationspyied.
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3.0 EXPERIMENTAL PLAN

The goal was to develop a model that predicts combined glucose yield
(pretreatment and enzymatic hydrolysis) of dilute acid-pretreatedngrass as a
function of pretreatment process conditions. A direct comparison of the pretneéatm

effectiveness of conduction heating and microwave irradiation heating &es m

Our hypothesis was that microwave pretreatment can enhance gligddse y
relative to conventionally heated pretreatment. Previous reports in the |g#esaggest
that microwave irradiation contributes to a reduction in cellulose crystaldiaused by
more efficient heating and a physical separation between the fiberscféased
cellulose porosity is believed to allow for increased microbial access antiatiges

which contributes to increased glucose yields (Hu et al. 2008, Ooshima et al. 1984).

A flow diagram of the proposed pretreatment process is illustrated in Figure 12.
Experimentally, precut switchgrass samples were pretreated followfdtebing of the
slurry through a Whatman nylon membrane filter, separating residuegjaitd Tihe
filtered cakes were dried at ®5and stored for enzymatic hydrolysis. The liquid fraction
was collected to determine the glucose, xylose, and degradation producbpieided
in the conventional and microwave pretreatment process. The filteredveatees

digested using the cellulase enzyme to assess glucose yield.

A three-variable, three-level Taguchi design experiment (Table 4) wdgaise
generate experimental data, and gain an understanding of the relationshgenbet

reactor conditions and their responses. A total of nine runs (plus two replicates) w
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conducted. MinitaB software (Minitab; State College, PA) was used to analyze the

multi-variable design experiment results and make a direct comparisorebdtvwee

conventional reactor and the microwave reactor.

Table 4: Pretreatment experimental design

Condition Acid Loading Temperature Residence Time
Vol% °C Minutes
1 0 165 1
2 0 180 5
3 0 195 10
4 0.75 165 5
5 0.75 180 10
6 0.75 195 1
7 1.5 165 10
8 1.5 180 1
9 1.5 195 5
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Figure 12. Process-flow diagram
where

e T (temperature’C)
e t(residence time, min)

e A (acid loading, vol%)
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4.0 RESULTS AND DISCUSSION

The pretreatment reactor responses (pressure, biomass compositioatrpestre
liguor composition, and enzymatic hydrolysis glucose yield) as a functiondof aci
loading, temperature, and residence time are presented for the three supstiesd,
Whatman paper, and switchgrass) and reactor types (conventional and microwave

reactors).

4.1 Pressure

The microwave reactor reached final pressures ten times faster than the
conventionally heated reactor. This is related to the faster heaagenewhich is due to
the direct interaction between the heated object and the applied electrombegidesis

opposed to the gradient heating mechanism for the conventional reactor.

The conventionally heated reactor vessel, which was charged with 10 grams of
biomass and 250 mL of solution), reached®C®&nd 300 psi after a 60-minute ramp
time. The microwave reactor vessel, which was charged with 0.6 gramddigass
and 15 mL of water, reached f@5and a 300-psi pressure after a six-minute ramp time.
Reactor pressures as a function of temperature and ramp time are showie it Jiadbl

illustrated in Figures Al and A2.
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Table 5: Final reactor pressure obtained during experimentation

Condition | Temperature Pressure Ramp time, Pressure | Ramp time,
°C psi Min Psi min
Conventional Microwave

1 165 1005 28+1 10045 3+1
2 180 15056 38+1 15448 5+1
3 195 2006 49+ 24048 741
4 165 1004 27+ 10043 3+1
5 180 1506 39+ 151+ 5+1
6 195 2004 5042 22040 7+l
7 165 10038 30+1 1004 3+
8 180 1504 4042 16046 5+1
9 195 2005 4942 23045 7+1

4.2 Biomass

The biomass substrates were assessed for mass loss and discoloration due to

pretreatment.

4.2.1 Mass loss

Mass loss is the ratio of the change in mass before and after pretreatment to the

initial mass charged to the reactor. Mass loss is due to polysaccharide hgdrolysi

decomposition, and lignin removal. Experimental results are presented in Table 6.

Figures A4 through A6 display the Minif@llata means summary analysis

output. There was no performance difference in mass loss between the twe rddetor
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analysis shows the influence of acid loading, temperature, and residence tirasson m

loss for the three substrates and both reactors.

The mass loss for all three substrates increased with acid loading andateneper
for both reactors over the experimental range. As the acid loading and temperature
increase, the degree of polymerization of the polysaccharides decrd¢hse ftee
radicals appear and carbonyl, carboxyl and hydroperoxide groups are formed, thus
resulting in more mass loss. Avi€ehicro-crystalline cellulose particles are the most
crystalline of the three substrates (Harris, 2008). As a result, this selvstyaires the
highest amount of pretreatment severity to initiate cellulose hydrotisisower-
crystallinity materials require slightly less severity foldelse hydrolysis. Switchgrass,
which contains lower-molecular-weight polymers (hemicellulose), requiieiss severity

for hemicellulose removal.

Increasing acid loading from 0 to 1.5 vol.% resulted in a significant mass loss.
Avicel®, Whatman paper, and switchgrass lost up to 50, 75, and 90 wt% mass,
respectively. Increasing temperature from 165 t@98&sulted in mass loss increasing
from 12 to 50, 25 to 50, and 50 to 80 wt% for Avicel®, Whatman paper, and switchgrass,

respectively.

The cellulose and xylan fractions in the switchgrass as a function of pretreat

conditions are shown in Figures A6 and A7. Experimental results are presenéddien T

7. The cellulose fraction peaks at 0.75 vol% due to complete hemicellulose removal, and
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decreases at higher loading thereafter due to cellulose hydrolysis. Tdsen® wlear
relationship between temperature and cellulose fraction, and residence tinedlidodec
fraction. Complete xylan removal occurs at temperatures lower tharlltdose

removal. This is due to rapid hydrolysis of the more amorphous and lower molecular
weight hemicellulose. Results show the xylan fraction to rapidly decreazesotin the

presence of acid (0.75 vol% and greater), at leasC180d 5 min residence time.
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Table 6: Mass loss result summary

Condition Acid | Temperaturg Time, Avicel Whatman paper Switchgrass
loading, °C Min Mass loss, % Mass loss, % Mass loss, %| Mass loss, % Mass loss, %| Mass loss, %
Vol% Conventional| Microwave | Conventional| Microwave | Conventional| Microwave
1 0 165 1 84 8 # 4+1 8+2 37 +2 24 +2
2 0 180 5 54 14 11+2 18 +1 34 +2 39 +1
3 0 195 10 44 13 +1 5+1 1+0 0+0 0+0
4 0.75 165 5 16 ¢ 3# 28 +2 40 +3 56 +3 69 +2
5 0.75 180 10 5038 47 +3 46 + 3 56 +2 81 +3 59 +1
6 0.75 195 1 68 4 48 +4 64 +2 30+1 81 +4 61 +2
7 1.5 165 10 2138 42 +3 45+ 3 60 +3 71 +3 47 +2
8 1.5 180 1 374 47 +4 75+2 70 +3 83 +3 52 +1
9 1.5 195 5 90 8 95 +8 79+ 2 68 +3 83 +2 99 +1
Table 7: Pretreated biomass composition result summary
Conventional Reactor Microwave Reactor
Condition Acid Temp Time, Cellulose Xylan Lignin Cellulose Xylan Lignin
loading, °C Min Wi% Wit% Wi% Wi% Wit% Wi%
vol%
1 0 165 1 29.3 0.8 39.8 4#0.5 39.1+.2 32.5+40.9 27.540.6 26.7 40.6
2 0 180 5 31.4+0.5 32.9+40.4 34.0 0.8 38.4 0.6 30.9 +0.8 37.7+.0
3 0 195 10 84.7 0.3 0.0+0.0 19.5 0.2 63.6 +1.0 0.0+0.0 39.340.2
4 0.75 165 5 84.4 6.5 0.0+0.0 26.9 +0.8 62.7 +1.0 0.0+0.0 20.0 40.2
5 0.75 180 10 61.4 6.6 0.0+0.0 41.0+1.1 65.0 +0.9 0.0+0.0 41.3 0.3
6 0.75 195 1 56.3 6.3 0.0+0.0 53.4 0.8 54.1 40.5 0.0+0.0 50.8 0.8
7 1.5 165 10 64.9 6.8 0.0+0.0 36.0 40.9 65.0 +1.0 0.0+0.0 41.0 40.2
8 1.5 180 1 66.6 ©.7 0.0+0.0 39.7 40.5 59.7 +0.9 0.0+0.0 25.5+0.1
9 1.5 195 5 6.6 0.3 0.0+0.0 86.7 +1.6 0.0+0.0 0.0+0.0 91.1 40.8
Unpretreated 30.16.4 29.4 40.6 23.8 40.8 30.1+0.4 | 29.374#0.6 | 23.8+0.8
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Lignin removal was more difficult in the dilute-acid system due to its insalyinli

acidic conditions. Increasing acid loading and temperature resulted in higtier lig
percentage of lignin remaining in the pretreated solids. Since polysacchatiaéysig is
acid- and temperature-driven, this leaves behind a higher portion of lignin in the
remaining solids. No correlation was found between mass loss and residence time over

the operating range.

4.2.2 Color

Color changes are a result of substrate decomposition. It is understood that
lignicellulosic materials contain water-soluble wood extractivesakigize (under acidic
and high temperature conditions) and polymerize to form a brown coloration.
Experimental findings suggest that pretreatment severity influence theubstrate
color. Figure 13 illustrates switchgrass discoloration due to pretreatmentol®hsluaft
was negligible under low-severity pretreatment conditions (low ends of thardti
temperature experimental ranges). Moderate-severity pretreatometiti@ans (middle of
the acid and temperature experimental ranges) shifted the color froral hatorown,
while high-severity conditions (high ends of the acid and temperature expetimenta

ranges) shifted the final color from natural to dark brown.
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Figure 13. Switchgrass discoloration due to pretreatment

4.2.3 Porosity

As previously stated, substrate porosity and microbial digestion ardydirect
related. The goal was to visually assess the openness within the stofich@samples,
as an indicator of porosity. A scanning electron microscope (SEM) was usediho obta
photographs of the unpretreated, conventional, and microwave pretreated switchgrass
(Figures 14 through 16). The same magnification was used for each sample (with a
3x10° scale). The unpretreated sample appears rigid and contains a hard, rope-like outer
shell (Figure 14). The conventional-pretreated sample does not show a rigid outer shell
in which the fibers appear to have separated in one direction (Figure 15). Theam&row
pretreated sample appears to be even more open than the conventional-pretreated
samples, with fiber separation in two different directions (Figure 16). The sectdider
separation within the structure can be attributed to the non-thermal efiestsd by
microwave-pretreatment. (Hu 2008, Ooshima 1984) This phenomenon should contribute
to higher microbial digestion and glucose yield. Glucose yield results wilploeteel

later in this study.
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Figure 15: SEM photograph of conventional-pretreated switchgrass
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Figure 16: SEM photograph of microwave-pretreated switchgrass

4.3 Pretreatment liquor

The pretreatment liquor was characterized using measurements foupésegl

xylose, and degradation product yields.

431 pH

The pH of the pretreatment liquor is an indicator for the presence of sugar-

degradation products and fermentation inhibitors. Since sulfuric acid was added to the

reactor, our objective was to observe deviations from the sulfuric-acid baseline

Figures A8 through A10 display the Minifadata means summary analysis

output. The analysis shows the influence of acid loading, temperature, and residence t
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on liquor pH. A decrease in pH is usually a result of the formation of acidic degradation

products such as succinic acid, acetic acid, lactic acid, etc.

Performance differences in pH were insignificant between the twtorsaThe
pH obviously decreased with increasing acid loading. As expected, the pH okie thr
substrate liquors significantly decreased with increasing acid loadinge\ldow
temperature and residence only slightly affected the liquor pH for all atdssand both
reactors. Experimental pH results are presented in Table 8. The negashdtphtiuced
by temperature is supported by the formation of acetic acid (Figure 18Ayeridis
acid (Figure 20A) at elevated temperature conditions. This is a result ofthation of

free radicals, carbonyl, carboxyl, and hydroperoxide groups.
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Table 8: pH result summary

Condition Acid | Temperaturg Time, Avicel Whatman paper Switchgrass
loading, °C Min pH pH pH pH pH pH
Vol% Conventional| Microwave | Conventional| Microwave | Conventional| Microwave
1 0 165 1 4.8 0.1 4.8 40.1 5.6 0.2 5.8 0.2 5.5+40.1 5.5 +0.2
2 0 180 5 4.7 9.2 4.8 40.1 3.940.2 5.0 0.1 5.2 40.1 5.0 0.1
3 0 195 10 44 9.1 4.6 0.1 4.4 40.1 5.0 0.1 4.7 40.2 4.1 +40.1
4 0.75 160 5 1.36.1 1.0 +0.0 1.2 +0.1 1.0 +0.0 1.4 +0.0 1.0 +0.1
5 0.75 185 10 1.36.1 1.2 +0.0 1.5 +0.0 1.0 +0.0 1.3+0.1 1.1 +0.0
6 0.75 190 1 1.36.1 0.9 +0.0 1.6 +0.0 0.8 0.0 1.3 +0.0 1.0 +0.0
7 1.5 165 10 1.0 8.0 1.1 +0.0 0.9 +0.0 0.6 +0.0 1.0.+0.0 0.7.+0.0
8 15 180 1 1.16.0 0.9 40.0 1.2 +0.0 0.5 +0.0 1.1 +0.0 0.9 0.0
9 1.5 195 5 1.20.0 0.5 +0.0 1.0 +0.0 0.5 +0.0 1.0 +0.0 1.0 +0.0
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Table 9 shows the change in liquor pH as the acid loading, temperature, and residence is

elevated from the low end to the high end of the operating range. Acid loading by far ha

the predominant effect on pH (4.0 shift), followed by temperature (0.8 shift) and

residence time (0.8 shift).

Table 9: Change in pretreatment liquor pH as a function of pretreatment pasamete

Pretreatment Liquor Acid loading Temperature | Residence time
Increasing from| Increasing from | Increasing from
0to 1.5 vol% 165 to 195C 1to 10 min
Avicel® -4.5 -1.1 -0.9
Whatman paper -3.5 -0.4 -0.8
Switchgrass -4.0 -0.6 -0.6
4.3.2 Glucose

Glucose present in the pretreatment liquor was liberated by the acid/temgpera
catalyzed cellulose hydrolysis reaction. Experimental results arenxshovable 10.
Figures A1l through A13 display the Minifalata means summary analysis output.
This analysis shows glucose yields in the pretreatment liquor as a functidd of a
loading, temperature, and residence time for the conventional and microwaweesteac

respectively.

The microwave reactor liberated more glucose in the AViaglior relative to the
conventional reactor. Because Avité& a pure cellulose substrate the reaction is not
impeded by the presence of hemicellulose and lignin. Glucose in the Aliger
increased with acid loading and temperature. The microwave reactor produced on

average 7 g T higher glucose concentrations in the liquor for all process parameters —
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acid loading (up to 4 gthigher), temperature (from 3 to 6 ¢ higher), and residence
time (from 3 to 7 g X higher) — relative to the conventionally heated reactor. The higher
glucose yields can be attributed to the direct interaction of microwaveshsitellulose

and more efficient heating.

The interaction of pretreatment process conditions on glucose vyield in the
switchgrass liquor is shown in Figure A13A. The highest observed glucose yield
occurred during combination of 0.75 vol% acid and°C98or both reactors), and
combination of low residence time (1 min), #85and 0.75 vol% acid. The lowest
observed glucose yields occurred at low temperature$G),6&nd combination of 1.5
vol% acid and 19% (for both reactors). Higher acid loading and residence time results

in glucose degradation.

47



Table 10: Pretreatment liquor glucose result summary

Condition Acid | Temperaturg Time Avicel Whatman paper Switchgrass
loading Glucose Glucose Glucose Glucose Glucose Glucose
gL! gL! gL? gL? gL? gL
Conventional| Microwave | Conventional| Microwave | Conventional| Microwave
1 0 165 1 0.090.0 0.0 +0.0 0.0 +0.0 0.0 +0.0 0.0 +0.0 0.0 40.0
2 0 180 5 0.090.0 0.0 40.0 0.0 +0.0 0.0 40.0 0.5+0.0 1.0+0.1
3 0 195 10 0.00.0 0.0 +0.0 0.0 +0.0 0.0 +0.0 0.0 40.0 0.0 40.0
4 0.75 165 5 1.96.3 5.1+40.1 3.340.1 8.6 40.1 0.4 40.1 0.0 40.0
5 0.75 180 10 3.96.3 12.440.1 3.340.1 8.3+0.1 5.7+40.1 0.0 40.0
6 0.75 195 1 1.18.1 11.940.1 3.440.1 1.4+0.1 6.1 +0.8 8.8 40.1
7 1.5 165 10 29486.1 7.6 40.1 3.040.1 6.9 +0.1 2.6 +0.1 55 40.1
8 1.5 180 1 0.06.0 8.7 40.1 4.7 40.1 0.0 40.0 5.6 40.6 6.8 40.1
9 1.5 195 5 0.06.0 3.140.1 2.340.1 3.440.1 0.8 40.1 1.0 +0.1
Table 11: Pretreatment liquor xylose result summary
Condition Acid Temperaturg Time Avicel Whatman paper Switchgrass
loading Xylose Xylose Xylose Xylose Xylose Xylose
gL? gL’ gL’ gL’ gL’ gL
Conventional| Microwave | Conventional| Microwave | Conventional| Microwave
1 0 165 1 - - - - 0.94#6.1 2.740.1
2 0 180 5 - - - - 1.16.1 0.9 40.1
3 0 195 10 - - - - 0.08.0 0.0 40.0
4 0.75 165 5 - - - - 10.38.3 4.2 +0.3
5 0.75 180 10 - - - - 0.06.0 6.0 40.7
6 0.75 195 1 - - - - 0.08.1 0.4 +40.0
7 1.5 165 10 - - - - 2962 0.0 40.0
8 1.5 180 1 - - - - 0.16.0 0.0 40.0
9 1.5 195 5 - - - - 0.06.0 0.0 40.0
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The microwave reactor also liberated more glucose in the Whatman-ppmerélative
to the conventional reactor. Similarly to the Avitetactor, the reaction was not
impeded by the presence of hemicellulose and lignin. The glucose level idongtise
rising acid loading, but averaged 2.25 and 3.25' dok the conventional and microwave

reactors, respectively.

Glucose levels in the switchgrass-pretreatment liquor were similar for bot
reactors. The relationships between glucose and pretreatment conditionsnwareas
well for both reactors. Glucose increased from 0 to 4.5 gd_the acid loading was
increased from 0 to 0.75 vol.%. However, polysaccharide degradation resulted at acid
loading beyond 0.75 vol.%. This was evidenced by the formation of acetic acid (upto 6 g
LY and furfural (up to 0.5 g't) in the liquor. Increasing temperature from 165 t0°195
resulted in a positive shift in glucose yield (from 1.5 to 4.0"g No correlation between

residence time and glucose production was found.

4.3.3 Xylose

Table 11 and Figure Al4 shows the xylose level in the switchgrass-pretneéatme
liquor as a function of pretreatment conditions. Xylose levels in the liquor peaked at 0.75
vol% acid loading, and decreases to zero at higher loading levels. Xylose levels
decreased with increasing temperatures, and were non existent@t T8 is attributed
to a fast xylan-hydrolysis reaction rate, in addition to degradation of the-towlecular-

weight simple sugar at moderate and high pretreatment severity conditions
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4.3.4 Degradation Products

Overall, the microwave reactor yielded more degradation products retative
conventional reactor. This can be attributed to the direct interaction of microwgles
the polysaccharides causing faster cellulose and xylan hydrolysis and diegrada

reaction rates.

Hydroxy-methyl-furfual

Hydroxymethylfurfual (HMF) is an aldehyde and a furan compound formed
during the thermal decomposition of sugars and carbohydrates and is also aafesment
inhibitor. This compound can be used to synthesize a broad range of chemicals currently
derived from petroleum. Liquid fuels that are potential alternatives to ethaagieibby
fermentation processes can also be derived from HMF using chemicalgg®(8s,

2009).

Experimental results of the hydroxy-methyl furfural (HMF) measurelan t
pretreatment liquor are presented in Table 12. The microwave reactor and the
conventional reactor produced comparable amounts of HMF. Average HMF levels were
0.37, 0.25, and 0.24 g'tfor the Avicef’, Whatman paper, and switchgrass, respectively.

Figures A15 through A17 show HMF levels as a function of pretreatment conditions.
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HMF levels increased with acid loading and temperature due to an increasenial ther

degradation rates, which drive the formation of free radicals and carbonyl groups.

The interaction of pretreatment process conditions on HMF yield in the
switchgrass liquor is shown in Figure A17A. The highest observed HMF yield edcurr
during the combination of 0.75 vol% acid and A®%for both reactors), and the
combination of low residence time (1 min), #85and 0.75 vol% acid. The lowest
observed HMF yields occurred at combination low temperature§g)6&cid, and
residence time, and combination of 1.5 vol% acid andQ @r both reactors). HMF is
degraded and totally consumed at high acidic and temperature conditions (a dombinat

of 1.5 vol% and 19%) as levulinic acid is formed.

Acetic acid

Acetic acid is a weak carboxylic acid and also a fermentation inhibitoricAcet
acid is produced as a result of the hydrolysis of acetyl groups present in the
hemicellulose. Gizenia et al. (2008) noted that concentrations as low as 02&ag L

affect microbial growth and reduce the rate of ethanol production.

Experimental results of the acetic acid measured in the pretreatment hguor a
presented in Table 13. The microwave reactor generated on averagerbogeLacetic
acid in the switchgrass liquor than the conventional reactor. Figure A18 shoiesaaibt

levels in the switchgrass liquor as a function of pretreatment conditions. The
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conventionally and microwave-pretreated liquor yielded up to 6.4 and 59*®fdcetic
acid, respectively. This corresponded to pretreatment conditions of at least 0.75 vol.%
and 186C. The relatively high acetic acid formation yielded in the microwaveaeact

can be attributed to its higher reaction rates.

Xylitol

Xylitol is a sugar polyalcohol of great interest in the food (as a sweetener),
odontological and medical-pharmaceutical industries. At present, it is indystrial
obtained by a chemical hydrogenation of D-xylose recovered from hydredyaht

lignocellulosic wastes (Sampaio, 2006).

Xylitol was generated in the switchgrass-pretreatment liquor. This chbwsas
only detected in the conventional reactor. A comparison of Figures A14 and A19 shows
the indirect relationship between xylose consumption and xylitol formation. This is
indicative of the acid and temperature induced chemical hydrogenation of xyldisal. Xy
levels increases with acid loading and temperature. Increasing@uidfto 1.5 vol.%
resulted in up to 48 gtof xylitol formation. Elevating temperature from 165 to 495

also resulted in up to 48 g'lof xylitol formation.
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Succinic acid

Succinic acid is a dicarboxylic acid that can be used as a precursor for many
chemicals of industrial importance including adipic acid, 1,4-butanediol, yehataran,
N-methyl pyrrolidinone, 2-pyrrolidinone, succinate salts, and gammasdsatyone. In
addition to applications in the agricultural, food, and pharmaceutical industriesiisucci
acid could also be used in the synthesis of biodegradable polymers such as polybutyrate
succinate, polyamides, and various “green” solvents. Presently, succinic acduseut
commercially by catalytic hydrogenation of petrochemical-ddrimaleic
acid or maleic anhydride, but can also be generated through carbohydratiategr

caused during cellulose and lignocellulose pretreatment. (Zheng, 2009)

The microwave reactor produced more succinic acid relative to the conventional
reactor. Up to 10.6 gtwas detected in the Avi¢epretreatment liquor, corresponding
to an acid loading and temperature of 0.75 vol.% an8CL%Succinic acid was also
detected in the switchgrass-pretreatment liquor. Figure A20 shows sucathie\ats in
the switchgrass liquor as a function of pretreatment conditions. The conventional and
microwave reactors yielded averages of 6 to 30" @fLsuccinic acid, respectively. Peak
levels (95 g [) corresponded to a high acid loading (1.5 vol.%), which induced rapid

polysaccharide degradation.
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Table 12: Pretreatment liquor hydroxy-methyl furfural (HMF) result samym

Condition Acid | Temperaturg Time Avicel Whatman paper Switchgrass
loading °C Min HMF HMF HMF HMF HMF HMF
Vol% gL? glL? gL? gL? gL? gL?
Conventional| Microwave | Conventional| Microwave | Conventional| Microwave
1 0 165 1 0.03 +0.00 0.03 +0.00 0.03 +0.00 0.03+0.00 0.03+0.00 0.03 +0.00
2 0 180 5 0.03 +0.00 0.03 +0.00 0.03 +0.00 0.03 +0.00 0.03 +0.00 0.03 + 0.00
3 0 195 10 0.03 + 0.00 0.03 + 0.00 0.03 + 0.00 0.03 + 0.00 0.03 + 0.00 0.03 + 0.00
4 0.75 165 5 0.20 + 0.00 0.20 + 0.00 0.20 + 0.01 0.68 + 0.02 0.20 + 0.02 0.34 + 0.00
5 0.75 180 10 0.03 +0.00 0.83+0.00 0.83+0.00 0.86 + 0.00 0.41 +0.00 0.59+0.01
6 0.75 195 1 1.43 +0.02 1.01 +0.02 1.52 +0.00 0.03 +0.00 0.57+0.01 0.50 + 0.00
7 15 165 10 0.13+0.00 0.30 + 0.00 0.32+0.00 0.44 +0.02 0.03 +0.00 0.35+0.00
8 1.5 180 1 0.03 + 0.00 0.67 + 0.00 0.73 +0.03 0.03 + 0.00 0.32 +0.01 0.53 +0.01
9 1.5 195 5 0.03 + 0.00 0.36 + 0.00 0.97 + 0.00 0.03 + 0.00 0.26 + 0.01 0.03 + 0.00
Table 13: Pretreatment liquor acetic acid result summary
Condition Acid | Temperaturg Time Avicel Whatman paper Switchgrass
loading °C Min Acetic acid | Acetic acid | Acetic acid | Acetic acid | Acetic acid | Acetic acid
Vol% gL? gL? gL? gL? gL? gL?
Conventional| Microwave | Conventional| Microwave | Conventional| Microwave
1 0 165 1 - - - - 0.14 + 0.00 0.14 +0.00
2 0 180 5 - - - - 0.14 + 0.00 0.14 + 0.00
3 0 195 10 - - - - 3.45+0.00 0.14 + 0.00
4 0.75 165 5 - - - - 0.14 + 0.00 0.14 + 0.00
5 0.75 180 10 - - - - 6.40 + 0.00 12.7 + 9.83
6 0.75 195 1 - - - - 5.93+0.01 4.89 + 1.63
7 1.5 165 10 - - - - 5.85 + 0.05 12.8 + 0.07
8 1.5 180 1 - - - - 5.68 + 0.01 513 +0.17
9 1.5 195 5 - - - - 6.40 + 0.02 7.38 +1.16
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4.4  Enzyme hydrolysis liquor

The enzyme-hydrolysis liquor of the pretreated switchgrass was anébyzed
glucose. Figure A21 displays the Minifalata means summary analysis output. This
analysis show glucose yields from enzymatic hydrolysis as functiondfaading,
temperature, and residence time for the conventional and microwave reactors

respectively.

4.4.1 Glucose yield as a function of pretreatment conditions

Glucose measured in the pretreated-switchgrass enzymaticysysltmuor is
summarized in Table 14. Microwave-pretreated switchgrass yielded noosg in the
enzymatic-hydrolysis liquor than the conventionally pretreated switsfigfde
performance advantage is likely attributed to the nonthermal effectseasedoamith
microwave treatment (Hu et al 2008, Ooshima 1984). This is evident in the SEM photos
shown earlier. The average glucose vyields across all acid loadiag/weg [* and 4.0 g
L* for the microwave and conventionally pretreated substrates, respectively. T
relationship between pretreatment conditions and glucose yields weta sanioth
reactors. It is well known that acid opens the biomass pores, allowing fagrgreat
microbial digestion. Increasing acid loading from 0 to 0.75 vol.% contributed to
hemicellulose removal, resulting in higher cellulose content in the pretreatadds.
The higher cellulose loading offers more substrate for microbial digebliginest

observed glucose vyields (6 ¢)lLwere obtained at 0.75 vol.% acid loading and
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temperatures between 180 and “@3However, higher acidity and temperature
conditions drove cellulose hydrolysis, leaving higher ratios of lignin in the remgaini
solid (>71 wt%), which impedes enzymatic hydrolysis. Pretreatment nesidiene had

no significance influence on glucose yield for either reactor.

The interaction of pretreatment process conditions on glucose vyield in the
enzymatic hydrolysis liquor is shown in Figure A21A. Overall, moderate preteaa
severity, which provided the best balance between complete hemicellulose ranmval
minimal cellulose degradation, resulted in the highest observed gluctikelis
corresponded to a combination of 1.5 vol% acid and@ &fr the conventional reactor),
and combination of 0.75 vol% acid and 3@5for the microwave reactor). The lowest
observed glucose yields based on conventional pretreatment occurred at high awgd loadi
(1.5 vol%), and a combination of high temperature {€9and high residence timeq>
min). The glucose yields were decreased from its peak as the acidyleadinncreased.
These conditions produced a pretreated substrate that contained low cellulose ratio.

Hence, this was less cellulose for the microbes to digest.

The interaction of pretreatment process conditions on normalized glucose yield (g
glucose g biomas3 in the enzymatic hydrolysis liquor is shown in Figure A22A. The
highest observed glucose yield based on conventional pretreatment occurred during
combination of 0.75 vol% acid and all temperatures and residence times, and
combination of 1.5 vol% acid and 165-280 The highest observed glucose yield based
on microwave pretreatment occurred during a combination of 0.75 vol% acid di@ 195

and a combination of 1.5 vol% acid and 165°t8@mperatures. The lowest observed
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glucose yields based on conventional pretreatment occurred at combination of high acid
loading (1.5 vol% acid), temperature (£2@% and residence time $>min). These
conditions also produced a pretreated substrate that contained a low cellulose ratio.

Hence, less cellulose for the microbes to digest.

4.4.2 Glucose yield as a function of biomass composition

Glucose yield from enzymatic hydrolysis is also dependent on the pretreated
biomass composition: cellulose, xylan, and lignin content. The microwave rgidtied
up to 166 percent more glucose at equivalent cellulose and xylan portions in the
pretreated biomass relative to conventional pretreated samples. Figures A223and A
exhibit glucose yields as functions of cellulose and xylan contents for thentiomaes
and microwave reactors, respectively. Higher enzymatic glucosis yiere directly
related to higher cellulose contents and lower xylan contents in the pretreatadsiom
This is due to the fact that hemicellulose hydrolysis increases pore volunaaticgils,

and is therefore beneficial for subsequent cellulose hydrolysis.

As previously stated, unpretreated switchgrass contained 30.1 wt% cellulose, 29.3
wt% xylan, and 23.8 wt% lignin. For the conventional reactor, a maximum glucose level
of 6 g L*was found when the cellulose was greater than 70 weight percent and the xylose
was less than 10 weight percent. For the microwave reactor, a maximum ghweb s |
10 g Lt occurred when the cellulose was greater than 40 weight percent and the xylose

was less than 15 weight percent.
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The microwave reactor yielded up to 100 percent more glucose at equivalent
cellulose and lignin portions in the pretreated biomass. Figure A25 illusthatesg
yields as functions of cellulose and lignin contents for the conventional and mierowa
reactors, respectively. Higher enzymatic glucose yields werdlgliretated to higher
cellulose contents and lower lignin fractions in the pretreated biomass. For the
conventional reactor, a maximum glucose level of 7*gvas seen when the cellulose
was greater than 70 weight percent and the lignin was less than 10 weight.gesce
the microwave reactor, a maximum glucose level of 10 gdcurred when the cellulose

was greater than 60 weight percent and the lignin was less than 10 weight.perce

58



Table 14: Enzymatic hydrolysis liquor glucose result summary

Condition Acid loading | Temperature Time Conventional Reactor Microwave Reactor
Vol% °C Min % digestion gl % digestion gl
1 0 165 1 16+0 1.8+0.1 50+1 56 +0.2
2 0 180 5 18+0 20+0.1 99+1 10.0+0.1
3 0 195 10 23+1 26+0.1 96 +2 10.0+0.2
4 0.75 165 5 56 + 1 6.2+0.1 58 + 1 6.4 +0.1
5 0.75 180 10 60+1 6.7+0.1 63+1 7.0+0.1
6 0.75 195 1 45+0 50+0.1 99 +1 11.0+0.1
7 15 165 10 50+1 6.6 +0.1 56+0 6.2+0.0
8 1.5 180 1 76 +2 8.4+0.2 46 +1 5.1+0.1
9 15 195 5 4+1 0.4+0.0 0+0 0.0+0.0
Unpretreated 21+1 23+0.1 21+1 2.3+0.1
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5.0 MODEL

A model that predicts product yield was developed using calculated severity

factors and reaction kinetics.

5.1 Combined severity factor

The Combined Severity Factor (CSF) was determined based on reactor
temperature, residence time, and pretreatment liquor pH, as outlined eadjeatio® 1.
This factor is dependent on process conditions, and does not reflect any physical

parameter.

5.1.1 Combined glucose yield as a function of combined severity factor

Tables 15 and 16 summarize measured glucose in pretreated switchgrass liquor
and hydrolysis liquors, as a function of combined severity factor, respectively.
Microwave-pretreated substrates produced higher glucose yields atrabie@SF
values in the switchgrass-pretreatment liquor, relative to conventionalgbnetire.

Glucose increased with CSF, up to a point beyond which glucose levels eroded for both
reactors. Highest observed CSF was between 1 and 2, resulting in a 6.3 anti 8.8 g |
glucose yield in the pretreatment liquor for the conventional and microwaverssac

respectively (Figure A24). Glucose degradation predominated when CSF exceeded 2.0.
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Table 15: Glucose in switchgrass pretreatment-liquor as a function of combieeityse
factor

CSF Conventional Reactor, g/l Microwave Reactor, g/L
-3.6 0.7 +0.0 0.0 +0.0

-2.0 0.5 +0.0 1.0 +0.1

-0.6 0.0 +0.0 0+0

1.5 45 +0.2 5.2 +0.0

2.1 2.6 +0.1 55+0.1

2.5 0.8 +0.1 1.0 40.1

Microwave-pretreated substrates also produced higher glucose yields at
comparable CSF values in the switchgrass-enzymatic hydrolysis liquatiyvedb
conventional pretreatment. Highest observed CSF was between —1.0 and 2.0, resulting in
yields of 8.0 and 12.2 g'Lof glucose yield in the enzyme-hydrolysis liquor for the
conventional and microwave reactors, respectively (Figure A25). The glyietdalso

declined once CSF exceeded 2.0 due to low cellulose content in the pretreated biomass.

Table 16: Glucose from switchgrass enzymatic hydrolysis as a function bfream
severity factor

CSF Conventional Reactor, g/l Microwave Reactor, g/L
-3.6 1.6 40.1 5.0 +0.2
-2.0 1.8+0.1 109 40.1
-0.6 2.3+40.1 9.6 0.2
1.8 5.9+0.1 12.2 40.2
2.1 6.0 +0.1 6.3 +0.0
2.5 0.4 +0.0 0.0 +0.0

The combined glucose yields (pretreatment plus enzymatic-hydrolysis)liquor
both reactors are shown in Figure A26. The glucose reported here is defineidiasoiv
glucose divided by the original biomass weight. This takes into account mass hass in t

pretreatment step. Total glucose yield for the conventional reactor ishaeerved at
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0.20 g glucose g biomasscorresponding to a CSF of 1.8). This compares to a highest
observed total glucose of 0.31 g glucose g bioth&ssrresponding to a CSF of 1.7) for

the microwave reactor.

5.1.2 Xylose yield as a function of combined severity factor

Figure A27 exhibits xylose levels in the switchgrass-pretredthiggior as
functions of pretreatment conditions for both reactors. The xylan hydrolysisoreacti
requires lower activation energy relative to cellulose hydrolysis. résut, the
hemicellulose is easily removed. A strong relationship was not found betweesn@SF
xylose yield in the pretreatment liquor. However, the peak xylose yield of 670 g L
corresponded to a CSF between 1.5 and 2.0. CSF lower than 1.5 and greater than 2.0

resulted in xylose yields lower than 2.0 §.L

5.1.3 Degradation product yield as a function of combined severity factor

Hydroxymethylfurfual

No relationship was evident between CSF and hydroxymethylfurfual (HMF)

levels for all three substrates (Figure A28). Peak HMF yields (up to 29 g L

corresponded to a CSF between 1.2 and 2.8. In contrast, the lowest HMF yield (3.25 g L

or less) corresponded to a CSF lower than 1.2.

62



Acetic Acid

Similarly to the hydroxy-methyl-furfual findings, no relationship waslent
between CSF and acetic acid yield for the switchgrass liquor. Peakamdtigelds
(greater than 6.0 g1) corresponded to a CSF greater than 1.2 (Figure A29). However,
even higher acetic acid yields resulted under certain conventional and averoeactor
conditions (CSF- 2.2). The lowest acetic acid yield (3.4'delss) corresponded to a CSF

lower than 1.2.
5.2 Kinetic model

Development of a kinetic model for predicting the glucose yield is important for

reactor design, understanding reaction parameters, and estimating costs.

The Arrhenius relationship for general acid-base catalysis was useermide
the kinetic parameters and model the cellulose and xylan hydrolysis togglasashown

in equation 3:

3) k=[k® +k"([H "]+ k> (oH ])]eﬁE
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where

e k (min™) is the overall reaction constant

e K% (min™) is the solvent factor

e K (min™ M) is the acid factor

K, (min™ M) is the base factor

e [H"]is the molal hydrogen-ion concentration,

e E; (kcal / g mol) is the activation energy (energy that must be overcome in arder fo
chemical reaction to occur)

e Ris the gas constant, 1.98 cal*tnhol™

e Tis the reaction temperature (Kelvin)

Most lignocellulosic pretreatment references in the literature hausddon
determining only xylan-hydrolysis kinetics (Schell, 2003). Experimentakrbalance
and chemical-composition data were used to determine the kinetic parametees for t
cellulose and xylan hydrolysis reactions (and resulting degradatiororegctsince we
focused here on acidic pretreatment conditions (pH <2) the hydroxyl-ion term was
assumed to be minimal and rewritten as the hydrogen-ion concentration iroteh@as
pH. Liquor pH has been shown to be more appropriate than using the effective acid
concentration, which could effectively be zero if there is insufficient agid.final pH

takes into account the absorption capacity of the substrate. (Schell, 2003)

(4) k = [k° + k" (Lo )]eg
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The rate constant represents a transformation between two stateadtioa)e
that is controlled by an intermediate high-energy excited state, it candahat the

activation energy (E) represents the energy difference betweentihlestaite and the
intermediate state (activated species). ﬁH‘feJr k" (10‘pH )] component corresponds to the
conventionally used “pre-exponential factor”. In this case, the parameter

[k" +k" (10*pH )] represents the frequency of collisions between the reactants and their

orientation. It is often taken as constant across small temperature (8ngesab,

2007).

In this study, several assumptions were made. First, we assumed that tha react
is biphasic cellulose and hemicellulose hydrolysis, therefore focusing eatdilimiting
step (conversion of the slow crystalline polysaccharide). Second, we assutibdrtha
was a single activation energy for the reaction. Results from this studypsao
exponential factors as high as'1min™, which represents relatively high collisions, but
comparable to factors reported in similar and previous studies found in thetéerat
Schell (2003) reported pre exponential factors as high®3s®’. Maloney (1984)

reported pre exponential factors as high d€rn™.

The model was developed using a nonlinear-regression analysis software (LAB

Fit Curve Fitting Software; Paraiba, Brazil).
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5.2.1 Glucose yield in the pretreatment liquor

Table 17 summarizes the kinetic constants for glucose formation in the
switchgrass-pretreatment liquor. Fitting experimental glucose yesldts to equation 4
resulted in a correlation coefficient of 0.96. The solvent factor and acid factbefor75
vol.% acid loading conditions were 4.65%18nd 6.11x18 min*, and 6.26x1 and
7.20x18" min™ for the conventional and microwave reactor, respectively. The solvent
factor and acid factor for the 1.5 vol.% acid loading conditions are 8.8@rd0
6.54x16*min™, and —7.67x18 and —3.16x1 min™ for the conventional and
microwave reactors, respectively. The activation energies for the 0.75 and 1.8cibl%

catalyst conditions are 35.2 and 23.5 kcal / g mol, respectively.

Table 17: Kinetic constants for the glucose formation in the switchgrassgtne¢nt
liquor

Acid loading Reactor % K" R*
min? min M
0.75 Parr 4.65x10 6.26x10’ 0.962
0.75 CEM 6.11x1Y 7.20x10’ 0.963
1.5 Parr 8.06x10 -7.67x10° 0.981
1.5 CEM 6.54x1H -3.16x16° 0.886

The model suggests that the microwave reactor theoretically releassegaia
faster rate than the conventional reactor at comparable process conditionsiniiies
with the reports that the kinetics of acid hydrolysis of cellulose are sgrdegendent on

the state of hydrogen bonding (Xiang, 2003). The nonthermal microwave effectseprovid
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additional energy required to overcome the hydrogen bonding within the glucan chain,

thus easier glucose release (Hu, 2007).

5.2.2 Xylose yield in the pretreatment liquor

Table 18 summarizes the kinetic constants for the xylan hydrolysis in the
switchgrass-pretreatment liquor. Fitting experimental cellulodd y@sults to equation 4
resulted in a correlation coefficient of 0.91. The solvent factor and acid factibef0.75
vol.% acid loading conditions were 5.39%a0d 5.39x1®min™, and —9.82x10and
—2.53x13 min™ for the conventional and microwave reactor, respectively. The activation
energies for the 0.75 and 1.5vol% acid catalyst conditions are 10.0 and 0 kcal / g mol
respectively. Yat (2008) reported an activation energy of 10.0 kcal / g mol fdarsimi

acid catalyst to switchgrass loading.

The xylan hydrolysis has a significantly lower activation energy requiteme
relative to cellulose hydrolysis, which explains its relatively easyval from the

biomass.

Table 18: Kinetic constants for the xylose formation in the switchgrass [pnerea
liquor

Acid loading Reactor % K" R?
mint min % Mt
0.75 Parr 5.39x10 -9.82x10 0.912
0.75 CEM 5.39x10 -2.53x1d 0.924
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5.2.3 Degradation product levels in the pretreatment liquor

Hydroxymethylfurfual

Table 19 summarizes the kinetic constants for hydroxymethylfurfual (HMF)
formation in the switchgrass-pretreatment liquor. Fitting experimeni kield results
to equation 4 resulted in a correlation coefficient of 0.96. The solvent factor and acid
factor for the 0.75 vol.% acid loading conditions were 1.283%a6d 3.85x1& min™, and
—1.43x16*and —4.19x18 min* for the conventional and microwave reactor,
respectively. The solvent factor and acid factor for the 1.5 vol.% acid loading conditions
are 3.25x1&and 4.91x1&min, and —3.05x1 and —2.38x18 min* for the
conventional and microwave reactors, respectively. The activation enfergiles 0.75

and 1.5 vol% acid catalyst conditions are 30.2 and 28.1 kcal / g mol, respectively.

Table 19: Kinetic constants for the HMF formation in the switchgrass preeagaliquor

Acid loading Reactor % K" R?
mint min % Mt
0.75 Parr 1.21x10 -1.43x10" 0.973
0.75 CEM 3.85x1YH -4.19x10" 0.927
1.5 Parr 3.25x10 -3.05x16° 0.961
1.5 CEM 4.91x18& -2.38x10° 0.917

The model suggests that the microwave reactor theoretically produced HMF at a
faster rate than the conventional reactor at comparable process conditionanTides c

attributed to the overall faster reaction rates associated with micrdweatiag.

68



Acetic acid

Table 20 summarizes the kinetic constants for acetic acid formation in the
switchgrass-pretreatment liquor. Fitting experimental aceticyéeid results to equation
4 resulted in a correlation coefficient of 0.93. The solvent factor and acid factbe for
0.75 vol.% acid loading conditions were 5.37%#nd 1.98x1& min™, and 2.99x1#
and —1.97x18 min, for the conventional and microwave reactors, respectively. The
solvent factor and acid factor for the 1.5 vol.% acid loading conditions were 2/8wl0
1.87x13min?, and —2.65x10and —8.58x1bmin™ for the conventional and microwave
reactors, respectively. The activation energies for the 0.75 and 1.5 vol% agydtcatal

conditions are 25.0 and 17.5 kcal / g mol, respectively.

Table 20: Kinetic constants for the acetic acid formation in the switchgrassapneent
liquor

Acid loading Reactor % K" R*
min? min M
0.75 Parr 5.37x16 -2.99x10° 0.936
0.75 CEM 1.98x1Y -1.97x16° 0.836
1.5 Parr 2.88x10 -2.65x10 0.991
1.5 CEM 1.87x1d -8.58x10 0.908

The model suggests that the microwave reactor theoretically yielded acetat
a faster rate than the conventional reactor at comparable processoosndikiis can also

be attributed to the overall faster reaction rates associated with miertwating.
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6.0 OVERALL MASS, ENERGY, AND ECONOMIC ANALYSES

A mass-and-energy balance of the flows entering and exiting each $tep of
pretreatment process and bioreactor was conducted (Figure A30). Sas&hagra 100
kg hr feed basis, is delivered to the feed-handling area for storage and size reduction.
Next, the biomass is conveyed to pretreatment and conditioning. Here, the biofedss is
at 4 wt% and treated with dilute sulfuric acid (0.75 vol.%) at a high temperatuf€}195
for a very short residence time (1 minute), liberating the hemicellulosessuga other
compounds. Next, ion exchange and/or over-liming are required to remove compounds
liberated in the pretreatment that will be toxic to the fermenting organishing)
pretreated solids are fed to the hydrolysis step for glucose recagengierobial

digestion.

6.1 Mass Balance

The products yielded — polysaccharides, monosaccharides, and degradation
products — were assessed for the pretreatment liquor and the solid residue.
Polysaccharides included cellulose and hemicellulose (xylan). Monosaeashaxcluded
glucose and xylose. Degradation products included xylitol, succinic acid, azdfiard
hydroxymethylfurfual. Acid-soluble and -insoluble lignin were also quaatifirable 21

summarizes the mass flows entering and exiting the pretreatment process
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Table 21. Mass balance for the pretreatment process

Flow Component Mass kg ht
A Raw switchgrass 100
B Milled switchgrass 100
C Sulfuric acid solution 2,500
D Lime 15
E Pretreated slurry 2,611
F Cellulase enzyme solution 38
H Hydrolysis solution 2,649

6.2 Energy Balance

An energy balance on the pretreatment process was conducted using equation 5:

(5) AH = AE, + AE, = Q+W,

where

e /His the change in enthalpy

e /Eis the change in potential energy due to motion of the system

e AE;is the change in kinetic energy due to the position of the system
e Qs the energy flow due to temperature difference

e W;is the energy flow due to the driving force other than temperature difference

(force, torque, voltage, etc.)

Since the process involves chemical equipment (i.e., reactor, distillation column,

evaporator, heat exchanger, etc.), we assumed the following:
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e Heat flow and internal energy changes (enthalpy change) are the mosaimtypantl

e Shaft work, kinetic energy, and potential-energy changes are negligible.

Q=AH

Q=mC AT

where

e m is mass flow rate for stream

e C,is the specific heat capacity for stream

e AT is the temperature difference

Table 22 summarizes the energy content for each flow, and overall energy balance

(3.09x16 kJ hf'). The heating value for switchgrass based on elementary composition

was estimated to be 1.85%1 kg'.

Table 22. Energy balance for the pretreatment process

Stream Mass Specific Heat | Temperature Q
Kg hr' kJ (kg K)* K kJ hit

A 100 1.85 298

B 100 1.85 298 0

C 2,481 4.18 298

D 15 1.18 298

E 2,611 4.06 468 1,810,271

F 38 4.18 298

G 2,649 4.10 323 -1,500,373
Total 309,899
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6.3 Economic Analysis

The feasibility of new energy crops will depend largely on production costs, cost
of converting the biomass to usable energy, and costs of competing fuels. For biomass
crops to compete with other fuels, they must be grown in the least costly manner so

farmers can derive a benefit equal to or greater than with food crops.

An economic analysis using a 100 kg liomass feed rate as the basis for the

pretreatment system is presented. The cost assessment consideredviiregfpliocess

steps:

e Harvest
e Delivery
e Milling

e Pretreatment

e Enzymatic hydrolysis

The microwave pretreatment process has a higher investment, lower operating
cost, and higher operating income, relative to the conventional pretreatmesgsprbe
investment cost for the conventional-batch, conventional-continuous, microwave-batch,
and microwave-continuous pretreatment process was estimated at $1.38, $1.53, $1,88,
and $1.88 million dollars, respectively. The annual operating cost for the conventional-

batch, conventional-continuous, microwave-batch, and microwave-continuous
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pretreatment process was estimated at $689,294, 576,907, $741,564, and $626,177
respectively. The operating income for the conventional-batch, conventional-coninuous
microwave-batch, and microwave-continuous pretreatment process waastestan
($465,266), ($343,668), ($405,631), and ($276,493) respectively. The operating income
does not include co-product credits such as excess electricity, use of idmoitea fuel,

use of recycle water, etc. Comprehensive investment and operating costs feabtuh r

systems are outlined in sections 6.3.1 through 6.3.7 and summarized in Figure A31.
6.3.1 Harvest

Maintaining high forage yields and keeping costs low results in the best economi
returns. Switchgrass is not commonly grown as an energy crop but can bedlairvest
high yields. The seeds for switchgrass are estimated to cost $7-.73dey prices for

other perennial grasses are shown in Table 23. (Hallam, 2001)

Table 23. Seed price for selected perennial grasses

Unit $
Switchgrass Kg 7.72
Sweet sorghum Kg 1.10
Forage sorghum Kg 0.77
Maize 100 kernels 0.90
Big bluestem Kg 19.84
Reed canarygrass Kg 9.92
Alfalfa Kg 551

The rents for grasslands and croplands were assumed to be $&hHaand

$185 ha year', respectively. Hence, the land rents per dry Mg switchgrass used in this
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study were $11.27 and $16.82 for grasslands and croplands, respectively, assuming a
switchgrass-production yield of 11 dry Mghgeai*. The production costs, excluding

the harvest and storage, for switchgrass planted in croplands and grasslands were $44.24
dry Mg and $36.83 dry Mg, respectively, at the same yield of 9 dry M{'lyaar™.

These production costs were then adjusted to $36.17 dryalvg $30.10 dry Mg,

respectively, for the yield of 11 dry -Mg haear'. The switchgrass harvest cost at the

yield of 11 dry Mg h# in square bales was assumed to be $24.10 diy Wlys includes
mowing, raking, baling, transporting the bales to the edge of field and stacking, etc

(Kumar and Sokhansanj, 2007).

6.3.2 Delivery

The delivered cost for switchgrass is composed of land costs (or farmer
premium), production/farming, harvest, storage, and transportation costs. $agtctay
15 wt% moisture) is typically delivered in bales. The transportation costriprised of
fixed and variable distance costs. Fixed distance cost includes the cosiatadswith

loading, uploading and stacking; variable distance cost is dependent on hauling distance

. Table 24 summarizes the total costs for delivered switchgrass. The stustgye ¢
for switchgrass were estimated to be $8 dry*\gr year assuming that the switchgrass
is stored in dense, square bales. The fixed distance cost of transportation coeering th
costs of loading, unloading, and stacking is $3.74 dri} Mie approximate total

delivered cost is then $77.21 dry M¢Huang, 2008).
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Table 24. Total feedstock cost

$ dry Mg*
Farmer premium/land rent 11.27
Fertilizer cost -
Production/farming/stumpage 30.10
Collection/harvest 24.10
Storage 8.0
Grinding/chipping -
Distance fixed cost 3.74
Total cost 77.21
6.3.3 Milling

Natural switchgrass must be milled to less than 10 mm in size for highest
observed conversion. The finer size is necessary to maximize the sueaderar

microbial digestion. (Jannasch et al. 2001)

A Schutte-Buffalo Hammer Mill Model 1320 was quoted by Schutte-Buffalo
(Orlando, Florida). This unit can be used to mill one-meter-tall switchgags to 5
mm. This unit operates on 40 HP, 3/60/460/3,600 rpm TEFC motor, direct-connected
with guard, and is manufactured from %2” A-36 plate steel mounted on a structural steel
sub-base. The bottom pan for connection is integrally mounted, 16” in diameter, and has
a 3,000-CFM fan. The estimated capital cost for this equipment is $17,725. The operating

cost for a 40-HP unit operating 24 hours per day at $0.0935 kwi$2.71 hr'.
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6.3.4 Pretreatment

The material costs for pretreatment are presented in Table 25. Sulfdris aci
used as the pretreatment catalyst for converting the hemicellulosiese xyime is used
to neutralize the pretreatment liquor. At a 100-k§ hiomass feed rate, approximately
8.2 x10 kg hr* of pure sulfuric acid (making a 2,500-Gallon, 0.75 vol% sulfuric acid
solution) and 6.6 xTkg hr' of calcium hydroxide is required for pretreating a 4 wt%

biomass slurry.

Table 25. Pretreatment chemical cost

Source Cost, $ kb
Sulfuric acid (99%) Chemical Marketing 0.242
cost, $ kg Reporter, 2009
Lime Chemical Marketing 0.154
cost, $ kg Reporter, 2009
Water Chemical Marketing 0.0004
Reporter, 2009

Investment and Utility Cost

The lignocellulose-to-ethanol process requires electricity, steam, @uliag-
water supply. Steam is required in the pretreatment step to deliver heat anitlatiahs
The temperature of the biomass slurry must be elevated from room temperdteare to t
target temperature (195). Cooling and chilled water is used to adjust the temperature of
the process streams. The pretreatment liquor can be cooled to room tempefatare be
off-site separation. There are two different reactor types for consaterhatch and

continuous.
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Batch vs. Continuous Reactor

Continuous flow reactors are used to mix and heat ingredients continuously in a
reactor in a single pass. In a continuous reactor, the weighing, loading, mixitngg hea
and discharge steps occur continuously and simultaneously. Continuous heating is

preferred for applications where:

Large gquantities of a single product are to be mixed.

In a continuous process line requiring high production rate.

Strict batch integrity is not critical.

Smoothing out batch product variations is required.

The advantages of the continuous heating operation, continuous reactor are as follows:

e High Capacity - Compared to batch reactors, continuous reactors of smaileesgol
and power can be used to produce large quantities of uniform mix. Hence for a given
capacity they are more compact than batch reactor.

e Lower Mixing Time - The residence time in continuous reactor is lower thhatch
reactor.

e Consistent Mixing Performance — With proper feeding arrangements, online
instrumentation and operation controls, a consistent mixing performance and uniform

product quality can be achieved
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e Suitability for Automatic Control - Operation of continuous reactor can be autwmate
using online monitoring and measuring instruments

e Minimum Segregation — Continuous reactors can reduce and control segregation of
products as they can be located in proximity of the next processing station.

e Lower Cost of Mixers - Continuous reactors tend to be cheaper than the equivalent
batch mixers because they are compact and require less space. Howewst ti
feeders for metering the product into the reactor, instrumentation and control may
result in a higher overall cost of the system.

e Minimum Labor — Since material feeding and discharging processes aneahed,
minimal labor is required for continuous reactions.

(Tekchandaney, 2009)

Tables 27 and 28 summarize the investment and operating utility requirements to support

the pretreatment step for the conventional and microwave reactor systgrastivedy.

Conventional Reactor

Investment and operating cost for conventional batch and continuous pretreatment
are presented in Tables 26 and 27. A 1,320-Gallon, 316 stainless steel, steam jacketed
and agitated reactor vessel can be used to react the contents in the badchlit@ac
vessel (3 ft radius, 6 ft height, and 1 ft wall thickness) is capable of withstandingi600-ps
internal pressure, and allows for up to 50% volume expansion. The estimated capital cost

for this system is $500,000. A shell-tube, fixed U/large 316 stainless steektieahger
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(600-psi internal pressure) with 8,333df heat transfer area was used for the continuous

reactor. The estimated capital cost for this system is $649,000. A 1,000 bimiler

capable of producing 600-psi, 280steam was estimated at $447,000. A forced-draft

cooling tower with a 1.7-million BTU Hrcooling load was estimated at $126,000.

(Matte, 2009)

Table 26- Investment and operating cost for conventional batch pretreatment

Specifics Capital Operating Cost
$yrt

Reactor vessel 1,320 gallon $500,000 -

SS 316

600 psi
Boiler 1,000 Ib. htt $447,000 21,725

600 psi steam

Cooling 1.7 million BTU hr $126,000 2,540
Electricity 453,518

Table 27- Investment and operating cost for conventional continuous pretreatment

Specifics Capital Operating Cost
$yrt

Reactor vessel Shell-tube 8,333 ft $649,000 -

SS 316

600 psi
Boiler 1,000 Ib htt $447,000 21,725

600 psi steam

Cooling 1.7 million BTU hr $126,000 2,540
Electricity 453,518

Assumptions (McAloon, 2000):

e Steam @ 23T, Enthalpy 1,205 BTU b

Estimated cost $2.12 (1,000 o)
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e Cooling water @ 1%, Enthalpy 30 BTU I
Estimated cost $0.05 (1,000 o)
e Electricity cost, $0.08 per kilowatt-hour (kWh) with a 70% efficiency
e The continuous reactor’s product throughput was estimated to be at least 50% higher

relative to the batch reactor (Moseley, 2009).

Microwave Reactor

Industrial Microwave Systems (Morrisville, NC) quoted a batch and continuous
microwave reactor. The batch reactor uses a 1,300-Gallon ceramic vessakting the
contents. The continuous reactor is based on 6-Galloh (hjB08 kg ht) total feed rate
system, and is one of the largest continuous microwave reactor availatilaghiesse
contents to the reaction temperature f£Qwould require 250 kW. To provide 250 kW
of absorbed microwave power, this would require three 100 kW generators. The
estimated price for the both systems are $650,000, which includes a control system, thr
100 kW microwave generators, three stainless steel applicators with bggupe 2"-
diameter ceramic tubes, and a support frame. When scaling of equipment, the new cost of

the scaled equipment can be determined according to the following scaliegsapr
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where

e Chewand G are the new cost and the original cost, respectively
e S.wand S are the new size and the original size, respectively

e fis the capital cost scaling factor or exponent.

In this analysis f = 0.6.

06
C.., = $650000x ( 5'000‘9j

1,308g

C.., = $1453000

The investment and operating cost for the microwave batch and continuous pretreatment
reactors are shown in Tables 28 and 29. The continuous reactor’s product throughput was
estimated to be at least 50% higher relative to the batch reactor (Mo$¥18y, Phe

microwave'’s electricity is assumed to be 90%.

Table 28: Investment and operating cost for microwave batch pretreatment

Specifics Capital Operating Cost
$yrt
Reactor vessel 1,300-Gallon $1,453,000 -
Ceramic vessel
Cooling 1.7 million BTU ht' $126,000 $2,540
Electricity $352,736
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Table 29: Investment and operating cost for microwave continuous pretreatment

Specifics Capital Operating Cost
$yrt
Reactor vessel 5,000 kg'hr $1,453,000 -
Ceramic tube
Cooling 1.7 million BTU ht' $126,000 $2,540
Electricity $352,736

6.3.5 Enzymatic Hydrolysis

Cellulase enzyme is required to drive the cellulose to glucose reactigm@itz
hydrolysis). The operating conditions are shown in Table 30. At a 100'Kgjdmass
feed rate, approximately 16 kg hof Trichoderma reesei cellulase is required for
operation. The current estimate cost for cellulase ranges from 30 to 50 ceratopeofy
ethanol produced. Research is underway with the objective of reducing cellula®e cost
less than 5 cents per gallon of ethanol (US Department of Energy, 2005). Suszkiw (2008)
reports that one ton of switchgrass produces approximately 90 gallons of ethanol. This

corresponds to a long term cellulase cost of $0.0727 kg

Table 30: Major operating conditions for enzymatic hydrolysis

Condition
Enzymatic hydrolysis Cellulase loading 60 FPU g
Initial saccharification 4% total solids
Temperature 323 K (50)
Total residence time 36 hours

The capital cost for five 1,000-Gallon 316 stainless steel tanks is $290,000.
(Matche, 2009) Investment and operating costs for the enzymatic hydrodyserst

shown in Table 31.
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Table 31: Investment and operating cost for enzymatic hydrolysis

Specifics Capital Operating Cost
(%) $yr)
Hydrolysis vessels Five 1,000 gallon 290,000 -
tanks
T reesei cellulase 16 kg Ar - 26,111

6.3.6 Waste-stream outlet

The pretreatment liquor contains numerous constituents, such as unconverted
polysaccharides, monosaccharides (e.g., xylose), acid-neutralizatgrasdlbther
byproducts. An assessment of the product separation cost, outlet opportunities, and
product value (i.e. xylose fermentation) was performed. Table 32 summarizestae wa

stream outlet potential.

Lignin can be used for boiler fuel, in addition to conversion to a higher-value co-
product (i.e. fuel or chemical). To be beneficial, the value of the lignin-derored ¢
product must be enough to cover the costs of the upgrade process and still supply revenue

to the plant to offset the biofuel production costs (Das, 2000).

The most effective approach for recovering the various lignin fractions irs/olve

cooling the liquor and filtering out the soluble lignin that precipitates upon cooling. Thi
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accounts for approximately one-third of the total soluble lignin. The remainimg kgn

then be removed using an adsorbent. The adsorbed lignin can be removed by treating the
adsorbent in a furnace. This allows for recovery of the heat content of the solubilized

lignin and regenerates the catalyst for reuse. Conventional extractivedaegan be

used to remove the adsorbed lignin compounds in a manner such that the compounds can

eventually be upgraded to fuel components (Das, 2000).

The other constituents, such as the cell matter, xylose, xylitol, furfural, etid ac
acid, have been identified as potential co-products of the biofuel process. lateedtit
matter could be valuable, but might require significant purification. Markets/fose
(xylose fermentation to ethanol), furfural (petrochemical refining solyveylitol
(sweetener) and acetic acid (vinegar) are in place. Traditional methhagsdvering
low-volatility acetic acid and other carboxylic acids involve formation ofrikeluble
calcium carboxylate salt (Grzenia, 2008). Succinic acid can be recoverecmsirey

based extraction (Hong, 2005).

Gypsum is a very soft mineral composed of calcium sulfate dihydrate. This

compound is formed when lime reacts with the sulfuric acid, and can be used as a finish

for walls and ceilings, fertilizer, or soil conditioner.
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Table 32: Waste stream potential based on a 100-kipéd-rate plant

By-product Potential, Market price $ kg Potential revenue
kg yr’ $yr
Lignin 210,240 Varied $126,144
Xylose 44,676 0.08 3,574
Xylitol - 20.6 -
Furfural 10,249 1.70 17,424
Acetic acid 134,116 0.90 120,704
Gypsum 236,520 0.14 15,374

6.3.7 Financial summary

The financial attractiveness of the different pretreatment projestaseessed

using the payback period and net present value methods.

The payback method of financial appraisal, used to evaluate capital projects,

calculates the return per year from the start of the project until thenatated returns

are equal to the cost of the investment, at which time the investment is said todrave be

paid back. The time taken to achieve this payback is termed the payback period. Under

this method the required payback period sets the hurdle rate (threshold bkarpeo)ect

acceptance. (Lefley, 1996) Equation 7 shows the payback period calculation.

(7) Payback. period =

Investmentequired

Netannuabkavings
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Here, the investment required is the capital cost differential betlwegrdposed
pretreatment process and the conventional-batch process. The net annual dawingtis t

cost differential between the two processes.

A project’s financial benefit can also be measured by its net present( M@,
which is determined by discounting all arising cash flows (at an assumeaf cagital)
to the start time of the project. As such, the NPV can be regarded as the ‘casleetjuiva
of undertaking the project. (Wiesemann, 2009) Equation 8 shows the net present value

calculation.

Netcashflow (or relativesavings)

8) NPV = ()

Here, tis the year, ands the cost of capital. A six year time horizonswesed
for the net present value (NPV) analysis. We assutimat the cost savings relative to the
conventional-batch pretreatment process to beeheash flow, and a cost of capital of 8

percent. (Table 33).

The detailed financial summaries for the four r@tment processes are shown in

Table 34.
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Table 33: Financial summary for the pretreatmeatte systems.

Conwventional-BEa ch Microwawe-Bach Corwventional-Continuous Microwane- Continuous
Coasf ger Flow R afe Operzfing Flaw Rafe Ogerafing Flow & afe Operzfing Flaw Rafe COgerafing
wiif Casf Cosf Cosf Cosf
kagdhr Hyr Malhr Eipr kagdhr Fopr kafhr Eiyr

Baswanie Filg
Ethanal FOEA 78 F356,160 99 T332 11.8 52714 14.8 HES,A55
Myloz e FOO2 2.4 hankci= S 24 hose =L 5.1 F2574 5.1 .57
A etic acid HO 80 102 20,510 10.2 F=0.510 1524 F120,704 1531 F120.704
HhaiF F1.70 0.8 F11,622 0s F11, 622 117 F17 424 117 F17 424
Gypsum HOOT 12.0 10,254 180 0,254 7 16374 27 15,374
Lignin F0 G0 16.0 F94,132 16.0 4,138 24 F126,194 249 F126,144
Total Rewernue $224 0657 $233.240 faz5.9:23 $249 pas
Operating
Cost
Fizxed Frhr
Laboar 5 1.0 F22380 1.0 2,350 1 Bz 3E0 1 2,250
Administration 10 0.0 F0 0.0 F0 u] F0 u} 0
[epreciation F27.600 Fa7. 720 FH20,G00 Fa37. 720
“wariable Fikg
Simitchgrass HOOE G657 48,113 GE.T 5113 100 BET B 100 BET B26
Sulbfuric acid HO 24 125 F26.583 125 F26.8233 2.8 230,854 188 28,854
Lime FOAS 10.7 14387 10.7 F14.387 16 21,585 16 21,835
Wi ater Fo.0004 1654.5 F5,7E8 16538 b 2431 F2 0z 2421 ==l ]
Cellulase HOOT 107 FETES 10.7 s r= 16 10,190 16 0,180
Electricity HO 02 F2a662 F23 852 F2a 662 F3 852
(Hammer mill)
Electricity HO 02 F2E2 a6 F252 Fa6
[hi crowawe’)
Elactricity HO 0 Fdaz 518 Faa.5818
[Buailar)
Steam FO.00Z F21.7E5 HO BT b1
Cooling water F0.0500 F20,761 F20,761 F20,761 Fa20, 761
Total Cost $E859 234 576 207 $741.564 $E2E ATT
Net 455 225 -$343 562 405 534 -F27EA93
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Assumptions:

e Feed: 4 wt% solids

e Throughput: Continuous processes produce at 50%ehihproughput relative to
batch processes

e Revenue: based on market price estimates for ethadovaste stream products

e Energy efficiency: Microwave heating processes & @nergy efficient.
Conventional heating processes are 70% energyegffic

e Labor: shared labor

¢ Inflation: 3%

e Depreciation: straight line over 50 years

Table 34 shows the payback period relative to tmeventional-batch
pretreatment process. Overall, the microwave patrent processes yielded lower
payback periods (2.6 years average) relative tadheentional pretreatment process (4.2
years). This is attributed to two factors: higheranue (due to relatively higher
glucose/ethanol throughput), and lower cost (dumitsowave’s lower energy usage). A
payback period of less than 3 years is typicaldydpproval threshold for most industry

capital projects.

Table 34: Payback period analysis

Payback period,
Years
Conventional-batch Baseline
Conventional-continuous 4.2
Microwave-batch 2.5
Microwave-continuous 2.7
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Table 35 shows the net present value relatived@timventional-batch
pretreatment process. Overall, the microwave paigtrent process yielded higher net
present values relative to the conventional pratreat processes. The microwave-
continuous processes had the highest NPV of ailjde$$366,941). This is attributed to
the 50% higher throughput associated with contisuu batch processes, 26% higher
glucose/ethanol yield and 20% higher energy efficyeassociated with microwave vs.

conventional processes.

Table 35: Net present value analysis

NPV
$
Conventional-batch Baseline
Conventional-continuous $55,948
Microwave-batch $125,501
Microwave-continuous $366,941

6.3.8 Outlook
The outlook and scale-up potential for microwavetq@atment is still in its
infancy. Commercial outlook is best realized thitotige scale up of a continuous

microwave reactor system.

The scalability of the microwave technology hasrblgaited. Presently, the

manufacturers are directing their research to a@gvptoducts that can increase the yield
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volume substantially. These new products have baecessful in augmenting the scale
of reactions from the level of 0.2 mL to 1,000 nlesign concepts, although not
commercially available, have shown promise to aghi®lumes near 1,500 kghr
However, scalability and cost effectiveness tol¢vel of industrial production has still

not been achieved, which questions the commeraallity of microwave chemistry.

In addition, there is a demand for a further insesia the rate of reaction.
Consequently, instrument manufacturers are devejgmiototypes that will be able to
achieve high-pressure conditions inside the reactéssel, resulting in an increased rate
of reaction. Other areas of research include desiggifications in the existing
equipment, to provide safer reaction conditions} development of equipment that can

be used for chemical analysis as well as chemyedhssis.
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7.0  CONCLUSIONS

Switchgrass and other lignocellulosic feedstodker gpromise as a renewable
energy source for biofuel production. However, impry technological challenge in
converting switchgrass into fuel is overcoming ithealcitrance of its matrix to
enzymatic hydrolysis. To overcome these problemstiemical processing, naturally
occurring lignocellulosic biomass must be pretrédtefore it can be further processed
using enzymatic hydrolysis or bioconversion. Twetgatment reactor types were

evaluated for effectiveness- conventional heatedmicrowave radiation.

Conventional chemical heating, which is based ardaotion mechanisms, has
been reported to be a slow and inefficient heatiethod. Microwave radiation, which is
based on direct interaction between the heatectodne an applied electromagnetic
field, has been reported to offer more uniform imgatgood temperature control, and
better yields. This project thoroughly and direathympared the effectiveness of these
two pretreatment reactors. A Taguchi design expantrwas useful in evaluating the
effect of process conditions (sulfuric acid loaditemperature, and residence time) on
desirable and undesirable product yield for bo#ttar types. The primary conclusions

from this study are:

1. Microwave pretreatment is a more effective cellulasd switchgrass pretreatment

technique than conventional heating chemical pa&tient due to the acceleration of
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reactions during the pretreatment process. Taegetion temperatures were reached
up to ten times faster than conventional heatimgs offers the potential for higher
throughput upon scale-up.

Microwave pretreatment offered up 100 percent higbit glucose yield (in the
pretreatment and enzymatic hydrolysis steps) apeoable pretreatment severity
relative to conventional heating. This could trateslinto higher fuel output at lower
power and energy requirements relative to convaatibeating.

Microwave’s more efficient and target heating cdnited to rapid cleavage of the
glycosidic bonds, resulting in higher glucose vyigldhe pretreatment step.
Microwave pretreated switchgrass samples were nanaup relative to conventional
pretreated samples (as observed from SEM photografiisse findings support
literature reported microwave induced non-thernfigcgés, which cause fiber
separation and expose more accessible surfacefacebulose to cellulase.

. Acid loading had the greatest influence on finalcgkse yield, followed by
temperature and residence time. Increasing acaiigalrove polysaccharide
hydrolysis, resulting in higher glucose yield areriicellulose removal in the
pretreatment step, higher cellulose ratio in peg&@ samples, and the potential for
higher degradation product yield at 1.5 vol%. Bestl loading over the experimental
range was at 0.75 vol%.

. Temperature assisted the cellulose hydrolysis i@adbut also drove thermal
degradation. High temperaturelC) and low residence time (1 min) was more
effective on releasing glucose than low temperatt8FC) and high residence time

(>5 min).
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The highest observed total glucose yield (99% cmior) was found under 0.75 vol%
sulfuric acid, 19%C temperature, and 1 min residence time conditiBased on these
conditions, theoretical ethanol yields for microwagwetreated switchgrass were
calculated using NREL'’s ethanol yield calculatdne®retical ethanol yields are 50

gallons per dry ton harvested, based on fermentafionly glucose.

The models developed in this study were usefuladioting the glucose yield as
a function of pretreatment conditions for both teatypes. The first model involved
determining kinetic parameters for cellulose anldmyydrolysis reactions based on the
Arrhenius relationship and general acid-base csialZorrelation coefficients for this
model type were favorable over the experimentajeaiihe second model was based on
determining combined severity factors. Althoughrelation coefficients for this model
type were low, this model can be a supplementahaaktor highlighting general areas of

interest and of concern.

Further investigation must be done to demonsthegeommercial applicability of
microwave pretreatment. This study highlighted fopportunities for bridging the gap to
industrial scale and potential. One, a continuoosgss must be employed to maximize
throughput. Batch processes are throughput lindtezlto additional steps involved in the
process. We recommend partnering with Industrialr®i@ve, Inc. for design and
evaluation of a pilot-scale continuous process.tA@opotential partner would be

Cambrex Corporation, who was the recipient of tineSInnovation Award at the 2009
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CPhl Event for its Continuous-Flow Microwave-Assist@rganic Synthesis (CFMAQOS)
technology. Their CaMWav¥ KiloLAB flow reactor is capable of manufacturing to

12 kg hi* of product based on current designs. Their tecigyoplatforms are touted as
being more versatile, faster, cleaner, offeringenatiable reactions, which can lead to

improved productivity and lower manufacturing costs

Second, solids loading of at least 20 wt% mustdraahstrated on the pilot unit.
Bench-top units (typically 500 mL) are only ablept@cess solids up to 10 wt% due to
equipment constraints. Larger units must be utllice processes higher solids loading.
The higher solids loading is required to achievieast break-even economics, by taking
advantage of higher throughput and incrementalggnesage relative to lower solids
slurry. Third, a direct comparison of conventioaatl microwave continuous
pretreatment processes at higher solid loadingitond would be beneficial. Fourth, an
investigation of other energy crops, such as whiatv, corn stover, and soybean waste

would be valuable.

The potential for obtaining an application or pexeatent is achievable for
processing lignicellulosic biomass using continuguisrowave technology for biofuel.
The novelty would be a process that yields highel throughput at lower energy usage.

A comprehensive patent search rendered no pateatgpbcations in this area.
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APPENDIX 1
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Figure A3: Avicel® mass loss fraction as a functafrconventional and microwave
pretreatment conditions- acid (vol%), temperatd@®,(residence time (min)
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Figure A4: Whatman paper mass loss fraction agetifon of conventional and
microwave pretreatment conditions- acid (vol%), penature {C), residence time (min)
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Figure A6: Switchgrass cellulose wt% as a functboonventional and microwave
pretreatment conditions- acid (vol%), temperatd@®,(residence time (min)
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Figure A8: Avicel® liquor pH as a function of comt@mnal and microwave pretreatment

conditions- acid (vol%), temperatuficy, residence time (min)
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Figure A9: Whatman paper liquor pH as a functioeaiventional and microwave
pretreatment conditions- acid (vol%), temperatd@,(residence time (min)
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Figure A10: Switchgrass liquor pH as a functiortofiventional and microwave
pretreatment conditions- acid (vol%), temperatd@®,(residence time (min)
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Figure A11: Glucose in Avicel® liquor (g 1) vas a function of conventional and
microwave pretreatment conditions- acid (vol%), penature 9C), residence time (min)
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Figure A12: Glucose in Whatman paper liquor {9 ks a function of conventional and
microwave pretreatment conditions- acid (vol%), penature 9C), residence time (min)
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Figure A13: Glucose in switchgrass liquor (g)las a function of conventional and
microwave pretreatment conditions- acid (vol%), penature {C), residence time (min)
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Figure A13A: Glucose in switchgrass pretreatmeqidi (g L") as a function of
conventional and microwave combination pretreatngentitions- Acid (vol%), Temp
(°C), Time (min).
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Figure A14: Xylose (g L) in switchgrass liquor as a function of convengiband
microwave pretreatment conditions- acid (vol%), penature {C), residence time (min)

115



Conventional Reactor
Data Means

Arid Temp

1.00
0,73 4
- /

—
e
Bl oe ,_/_//
wh
5 0.0 : : . ; : ;
E i 0,75 1.5 165 180 195
[T x
o Timne
2 100
m
E 0.75
0,50 -

0.5 \/
0,00 T t T
1 3 10

Microwave Reactor
Data Means

{00 Arid Temp

0,75 A

0.50 /\ R

—

e

= .25 - /

wh

5 0.0 : : : ; : ;
2 i 0,75 1.5 165 180 195
[T x

o Timne

2 100

m

E 0.75

0.50 "-\\
0.25 - R

0,00 T T T
1 3 10

Figure A15: HMF (g [) in Avicel® liquor as a function of conventionaldmicrowave
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Figure A16: HMF (g [') in Whatman paper liquor as a function of convamdi and
microwave pretreatment conditions- acid (vol%), penature {C), residence time (min)
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Figure A17: HMF (g L) in switchgrass liquor as a function of convendiiband
microwave pretreatment conditions- acid (vol%), penature 9C), residence time (min)
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Figure A17A: HMF in switchgrass pretreatment liq@giL™) as a function of the
conventional and microwave combination pretreatngentlitions- Acid (vol%), Temp

(°C), Time (min).
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Figure A18: Acetic acid (g L) in switchgrass liquor as a function of convengiband
microwave pretreatment conditions- acid (vol%), penature {C), residence time (min)
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Figure A19: Xylitol (g L) in switchgrass liquor as a function of convengiband
microwave pretreatment conditions- acid (vol%), penature {C), residence time (min)
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Figure A20: Succinic acid (g1 in switchgrass liquor as a function of convengiband
microwave pretreatment conditions- acid (vol%), penature 9C), residence time (min)
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Figure A21: Glucose (gt) in enzymatic hydrolysis liquor as a function oheentional
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Figure A21A: Glucose in switchgrass enzymatic hjygis liquor (g L' as a function of
the conventional and microwave combination pretneat conditions- Acid (vol%),
Temp fC), Time (min).
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Figure A22A: Normalized glucose vyield (g GlucosBigmass) as a function of the
combined conventional and microwave combinationrpatment conditions- Acid
(vol%), Temp {C), Time (min).
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100 kg total
30 kg glucan
29 kg xylan
24 kg lignin
17 kg water

Enzyme Yield
FPretreatment Yield
Total ¥ield

4 % solids
Mlilling 100 ky
4 kiyvh 30 kg glucan
T 25 C 29 kg xylan

24 kg lignin
17 ki water

B kg Tetracycline

5 kg Cycloheximide
16 kg cellulase

10 kg b glucosidase

27 kg total glucose
014 14 kg glucose hydrolysis
0.13 13 kg glucose pretreatment
0.27 2621 kg balance

Figure A30: Mass and energy balance
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Pretreatment Heat
Pressure 254 psi 1810924 k)
T 195 ©
pH 1.3

B0 % mass loss

2611 ky total
16 kg glucan
0 kg xylan
24 kg lignin
13.10 kg glucose
514 kg xylose
0 kg xylitol
0 ky succinic acid
15.55 kg acetic acid
1.19 kg HWF
2509 kg water
B7 ky gypsum

Enzymatic Heat
Hydralysis -1,500 239 kJ
T a0 ©
Digestion 0.9

Total Heat
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APPENDIX 2
Methods
Deter mination of Carbohydratesin Biomass by High Performance Liquid
Chromatography

Laboratory Analytical Procedure #002

1. Introduction

1.1 The carbohydrates making up a major portiobiaihass samples are
polysaccharides composed primarily of glucose, sg@rabinose, galactose, and
mannose subunits. The polysaccharides presertioneass sample can be hydrolyzed to
their component sugar monomers by sulfuric acia two-stage hydrolysis process. The
sample can then be quantified by ion-moderatedtipartHPLC.

1.2 This procedure has been adopted by ASTM astdmel&d Test Method for
Determination of Carbohydrates in Biomass by Highfétmance Liquid

Chromatography, E1758-95.

2. Scope

2.1 This method covers the determination of cardoditgs, expressed as the percent of
each sugar present in a hydrolyzed biomass safipdesample is taken through a
primary 72% sulfuric acid hydrolysis, followed bysacondary dilute-acid hydrolysis.
2.2 Sample material suitable for this proceduréuinhe hard and soft woods, herbaceous
materials (such as switchgrass and sericea), dimnalresidues (such as corn stover,
wheat straw, and bagasse), waste-paper (suchies wtste, boxboard, and newsprint),

washed acid- and alkaline-pretreated biomass,lenddlid fraction of fermentation
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residues. All results are reported relative to08C oven-dried weight of the sample.

In the case of extracted materials, the results afsybe reported on an extractives-free
basis.

2.3 All analyses shall be performed according egtidelines established in the Ethanol

Project Quality Assurance Plan (QAP).

3. References

3.1 Moore, W.E., and D.B. Johnson. 19Biocedures for the Chemical Analysis of

Wood and Wood Products. Madison, WI: U.S. Forest Products Laboratory, U.S.
Department of Agriculture.

3.2 Ethanol Project Laboratory Analytical Proced#®@1, "Standard Method for the
Determination of Total Solids in Biomass".

3.3 Ethanol Project Laboratory Analytical Procedi#®@3, "Determination of Acid-
Insoluble Lignin in Biomass".

3.4 NREL Ethanol Project Laboratory Analytical Redare #004, "Determination of
Acid-Soluble Lignin in Biomass".

3.5 NREL Ethanol Project Laboratory Analytical Redare #010, "Standard Method for
the Determination of Extractives in Biomass".

3.6 TAPPI Test Method T264 om-88, "Preparation ofod/éor Chemical Analysislh
Tappi Test Methods. Atlanta, GA: Technical Association of the Pulp &waper Industry.
3.7 Vinzant, T.B., L. Ponfick, N.J. Nagle, C.I. Bman, J.B. Reynolds, and M.E. Himmel.

1994.
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"SSF Comparison of Selected Woods From Southermtiiss’ Appl. Biochem.

Biotechnol., 45/46:611-626.

4. Terminology

4.1 Prepared Biomass - Biomass that has been prepgilyophilization, oven drying,

air drying, and in some instances by extractiomethuce the moisture content of the
sample so it is suitable for carbohydrate analysis.

4.2 Oven-Dried Weight - The moisture-free weighadfiomass sample as determined by

LAP-001, "Standard Method for Determination of Tdallids in Biomass".

5. Significance and Use
5.1 The percent sugar content is used in conjumetith other assays to determine the

total composition of biomass samples.

6. Interferences

6.1 Samples with high protein content may resufigrcent sugar values biased low, as a
consequence of protein binding with some of the esancharides.

6.2 Test specimens not suitable for analysis s/ghocedure include acid- and alkaline-
pretreated biomass samples that have not been evdsheashed pretreated biomass

samples containing free acid or alkali may changibdly on heating.

7. Apparatus

7.1 Hewlett Packard Model 1090 HPLC, or equivaleith refractive index detector.
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7.2 HPLC columns, BioRad Aminex7 HPX-87C and/or Aex7 HPX-87P (or
equivalent).

7.3 Guard columns, cartridges appropriate for tleron used.

Note: Deashing guard column cartridges from BioRddhe ionic form H+/CO%, are
an option when using an HPX-87P column. Theseidgds have been found to be
effective in eliminating baseline ramping.

7.4 Analytical balance readable to 0.1 mg.

7.5 Convection ovens with temperature control ta88C and 105t 3°C.

7.6 Autoclave capable of maintaining 12B8°C.

7.7 Water bath set at 303°C.

7.8 Desiccator containing anhydrous calcium sulfate

8. Reagentsand Materials

8.1 Reagents

8.1.1 High purity sugars for standards (98%?+) - 8&ts of glucose, xylose, galactose,
arabinose,and mannose from different lots or manurfers.

8.1.2 72% w/w H2S04 (12.000.02 M or specific gravity 1.6389 at 156 /15.6C).
8.1.3 Calcium carbonate, ACS reagent grade.

8.1.4 Water18 megohm deionized.

8.2 Materials

8.2.1 Glass test tubgh5x100 mm.

8.2.2 125 mL glass serum bottlesmp top style, with rubber stoppers and aluminum

seals to fit.
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8.2.3 pH paper, suitable to cover the pH rangetof 24
8.2.4 Disposable nylon syringe filters, Qua.

8.2.5 Disposable syringes, 3 mL.

8.2.6 Autosampler vials, with crimp top seals to fi

8.2.7 Erlenmeyer flasks, 50 mL.

9. ES& H Considerations and Hazards

9.1 Follow all applicable NREL Laboratory Specifiggiene Plan guidelines.

9.2 72% H2S04 is very corrosive and must be hancHeefully.

9.3 Use caution when handling hot glass bottles #fie autoclave step, as they may

have become pressurized.

10. Sampling, Test Specimensand Test Units

10.1 Test specimens suitable for analysis by ttusqrlure are as follows:

- biomass feedstocks, dried and reduced in padizks if necessary.

- pretreated biomass, washed free of any residighlon alkali.

- the solids fraction of fermentation residues.

10.2 The sample must not contain particles ladggn &L mm in diameter. If milling is
required to reduce the particle size of the testispen, a laboratory mill equipped with a
40 mesh (or smaller) screen should be used.

10.3 The total solids content of the "as receivedt specimen (prior to any drying or
extraction steps) must be determined by LAP-OQdairallel with the carbohydrate

analysis. Record this value as %Tas received.
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10.4 Material with a total solids content less tB&#o, on a 108C dry weight basis, will
require drying by lyophilization, oven drying, dr drying prior to milling or analysis.
The amount of moisture lost as a result of the gmapon procedure must be determined.
This moisture content is used to calculate thd satitds content of the sample based on
its preparation and is recorded as %Tprep. Thiseval used to correct the weight of the
prepped material used in the carbohydrate analysidescribed in the calculations
section. The prepared sample should be storednareer to ensure its moisture content
does not change prior to analysis.

Note: Preparing samples for analysis by oven drgangproduce hard chunks of
material. This material must then be milled to @the size of the large pieces to less
then 1 mm in diameter. The sample is then redmex {o testing.

10.5 Some samples may require extraction prion&dyais, to remove components that
may interfere with the analysis. LAP-010, "Standsliethod for the Determination of
Extractives in Biomass", is used to prepare araektres-free sample with a moisture
content suitable for carbohydrate analysis. As pfithis procedure, the percent
extractives in the prepared sample, on &C0&y weight basis, is determined. This
value, recorded as % extractives, can be usedneecothe % sugar reported on a
extractives-free basis to an as received (wholgtgrbasis.

10.6 The test specimen shall consist of approxipat8 g of sample. The test specimen
shall be obtained in such a manner to ensurettisatepresentative of the entire lot of

material being tested.
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11. Procedure

11.1 This procedure is suitable for air-dried, Iyibged, and extracted biomass samples,
as well as for samples that have been oven driadeahperature of 48 or less. It is not
suitable for samples that have been dried at adeatyre exceeding 46.

Note: The total solids content of the original séanpoTas received, must be determined
using LAP-001, prior to any preparatory steps. Mdtal solids content of the sample
based on its preparation, % Tprep , must also bevkno

11.2 Determine the total solids content of the are@ or extractives-free biomass sample
by LAP-001 and record this value as %Tfinal .

Note: Samples for total solids determination (LABEDmust be weighed out at the same
time as the samples for the carbohydrate deterramdft this is done later, it can
introduce an error in the calculation because gitdaomass can rapidly gain or lose
moisture when exposed to the atmosphere.

11.3 Weigh 0.3 0.01 g of the prepared or extractives-free sangptbe nearest 0.1 mg
and place in a 16x100 mm test tube. RecoM/hAghe initial sample weight in grams.
Each sample must be run in duplicate, at minimum.

11.4 Add 3.0G: 0.01 mL (4.92+ 0.01 g) of 72% H2S0O4 and use a glass stirringood t
mix for 1 minute, or until the sample is thoroughlgtted.

11.5 Place the test tube in the water bath séd at13C and hydrolyze for 2 hours.

11.6 Stir the sample every 15 minutes to assurgtEemixing and wetting.

11.7 Weigh out 0.3 0.01 g of each high purity sugar (predried &tG)5o the nearest

0.1 mg, and place each in its own 16x100 mm gkststibe. Add acid, hydrolyze, and

stir these sugars as described in the previous #teps. These sugar recovery standards
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(SRS) will be taken through the remaining stephéprocedure in parallel with the
samples. The calculated recovery of the SRSs willded to correct for losses due to the
destruction of sugars during the hydrolysis procksaay be useful to run selected SRSs
in duplicate, particularly if specific sugars aeeded critical.

11.8 Prepare a method verification standard (MVSybighing out 0.3 0.01 g of a

well characterized standard material suitable f@aysis. Add acid, hydrolyze, and stir
the MVS as was done with the samples and SRSs {sé€.1.6 above). This MVS will

be taken through the remaining steps in the praeeduarallel with the samples and the
SRSs, and is used to test the reproducibility efrttethod as a whole.

Note: A suitable method verification standaPdpulus deltoides, may be obtained

from NIST (research material #8492).

11.9 Upon completion of the two hour hydrolysigsteansfer each hydrolyzate to its
own serum bottle and dilute to a 4% acid conceioindiy adding 84.0& 0.04 mL
deionized water. Be careful to transfer all resicdadids along with the hydrolysis liquor.
The total weight added to the tared bottle is 89 2@.3 g sample, 4.92 g 72% H2S04,
and 84.00 g deionized water). Since the specitwity of the 4% acid solution is 1.0250
g/mL, the total volume of solution, VF , is 87.0 mL

11.10 Stopper each of the bottles and crimp alumiseals into place.

11.11 Set the autoclave to a liquid cycle to prévess of sample from the bottle in the
event of a loose crimp seal. Autoclave the sampléseir sealed bottles for 1 hour at 121
+ 3°C.

11.12 After completion of the autoclave cycle, allihe samples to cool for about 20

minutes at room temperature before removing this seal stoppers.
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11.13 These autoclaved solutions may also be usdtd determination of acid-
insoluble residue and/or acid-soluble lignin, imgbiel with this carbohydrate
determination.

Note: If acid-insoluble lignin and/or acid-solubiignin determinations are to be
conducted on a sample, the residual solids musblected by filtering the
hydrolyzate through an ashed and weighed filtecingible prior to proceeding with
the carbohydrate determination. Refer to LAP-O@&términation of Acid-

Insoluble Lignin in Biomass", for details. If anigcsoluble lignin determination is

to be conducted, a portion of the filtrate mustdserved for analysis. Acid-soluble
lignin should be analyzed within 24 hours, prefératathin 6 hours of hydrolysis.
Refer to the procedure "Determination of Acid-Sd¢dubignin in Biomass" (LAP-

004) for details.

11.14 Transfer 20 mL aliquots of each hydrolyzatdiltrate, to 50 mL Erlenmeyer
flasks.

11.15 Neutralize with calcium carbonate to a pHveen 5 and 6. Do not over-
neutralize. Add the calcium carbonate slowly witgiuent swirling to avoid problems
with foaming. Monitor the pH of the solution with géper to avoid over-neutralization.
11.16 Filter the neutralized hydrolyzate usingral3syringe with a 0.2um filter
attached. One portion of the hydrolyzate shouldlitezed directly into a sealable test
tube for storage. A second portion should be &ledirectly into an autosampler vial if
the hydrolyzate is to be analyzed without dilutiirihe concentration of any of the
analytes is expected to exceed the validated lirsage of the analysis, dilute the

hydrolyzate as required and filter into an autodamyal for analysis.
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Note: It is advisable to determine the initial glse concentration of the sample

using an alternative technique, such as a YSI gei@malyzer, in order to predict
whether or not the glucose in the sample will fathin the linear range of the

analysis.

11.17 The portion of the neutralized hydrolyzaliefed into the test tube should be
securely sealed, labeled, placed in the refrigeratad reserved in case a repeat analysis
is required. The sample should be stored for ngdothan two weeks.

11.18 Prepare a series of sugar calibration stdedardeionized water at concentrations
appropriate for creating a calibration curve focleaugar of interest. A suggested scheme
for the HPX-87C column is to prepare a set of medtnponent standards containing
glucose, xylose, and arabinose in the range ofl22 mg/mL. For the HPX-87P
column, galactose, and mannose should be inclusledditional components in the
standards. Extending the range of the calibrationes beyond 12.0 mg/mL will require
validation.

11.19 Prepare an independent calibration verificastandard (CVS) for each set of
calibration standards, using sugars obtained fr@muace other than that used in
preparing the calibration standards. The CVS maostain precisely known amounts of
each sugar contained in the calibration standatds concentration that falls in the
middle of the validated range of the calibratiomveu The CVS is to be analyzed after
each calibration curve and at regular intervalheéHPLC sequence, bracketing groups
of samples. The CVS is used to verify the qualitthe calibration curve(s) throughout

the HPLC run.
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11.20 Analyze the calibration standards, the C{{& samples, the SRSs, and the MVS
by HPLC using a Biorad Aminex7 HPX-87C or HPX-8&#uenn for glucose, xylose,
and arabinose. If mannose and galactose are atsmodetermined, a Biorad Aminex7
HPX-87P column must be used instead. For many seslyt is useful to run the same
samples on both columns and compare the resulsfollowing instrumental conditions
are used for both the HPX-87C and the HPX-87P con&im

Sample volume: 5QL.

Eluant: 0.2um filtered and degassed, deionized water.

Flow rate: 0.6 mL/min.

Column temperature: 86.

Detector: refractive index.

Run time: 20 minutes data collection plus a 15 n&most-run.
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Procedure Title: Determination of Structural Carbohydratesand Lignin in Biomass

6. Apparatus

6.1 Analytical balance, accurate to 0.1 mg

6.2 Convection drying oven, with temperature cdrnafd 05 + 30C

6.2

6.3

6.4

6.5

6.6

6.7

6.7.1

6.7.2

6.8

6.9

Muffle furnace, equipped with a thermostat, set@d % 25°C or equipped with
optional ramping program

Water bath, set at 303°C

Autoclave, suitable for autoclaving liquids, setl&il +3°C

Filtration setup, equipped with a vacuum sourcexatium adaptors for
crucibles

Desiccator containing desiccant

HPLC system equipped with refractive index deteatuat the following columns:

Shodex sugar SP0810 or Biorad Aminex HPX-87P col(mnequivalent) with
ionic form H+/CO3- deashing guard column

Biorad Aminex HPX-87H column (or equivalent) equepipwith an appropriate
guard column

UV-Visible spectrophotometer, diode array or singbevelength, with high purity
guartz cuvettes of pathlength 1 cm

Automatic burette, capable of dispensing 84.00 natew optional

144



7. Reagents and materials

7.1 Reagents

7.1.1 Sulfuric acid, 72% w/w (specific gravity 133at 200C)- (also commercially
available as a reagent for the determination afrihe, from Fluka #00647)

7.1.2 Calcium carbonate, ACS reagent grade

7.1.3 Water, purified, 0.g2m filtered

7.1.4 High purity standards : D-cellobiose, D(+jglse, D(+)xylose, D(+)galactose,
L(+)arabinose, and D(+)mannose

7.1.5 Second set of high purity standards, adliab®ve, from a different source
(manufacturer or lot), to be used to prepare calibn verification standards (CVS)
7.2 Materials

7.2.1 QA standard, well characterized, such asteoiNa Institute of Standards and
Technology (NIST) biomass standard or another areracterized sample of similar
composition to the samples being analyzed

7.2.2 Pressure tubes, minimum 90 mL capacity, glasis screw on Teflon caps and o-
ring seals (Ace glass # 8648-30 tube with #5849l4d, or equivalent)

7.2.3 Teflon stir rods sized to fit in pressuredsiland approximately 5 cm longer than
pressure tubes

7.2.4 Filtering crucibles, 25 mL, porcelain, mediporosity, Coors #60531 or equivalent
7.2.5 Bottles, wide mouth, 50 mL

7.2.6 Filtration flasks, 250 mL

7.2.7 Erlenmeyer flasks, 50 mL

7.2.8 Adjustable pipettors, covering ranges of @02.00 mL and 84.00 mL
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7.2.9 pH paper, range 4-9
7.2.10 Disposable syringes, 3 mL, fitted with Q2 syringe filters

7.2.11 Autosampler vials with crimp top seals to fi

8. ES&H Considerations and Hazards

8.1 Sulfuric acid is corrosive and should be hathaVeh care.

8.2 Use caution when handling hot pressure tulies imoval from the autoclave, as
the pressurized tubes can cause an explosion hazard

8.3 When placing crucibles in a furnace or removiem, use appropriate personal
protective equipment, including heat resistant gfov

8.4 Operate all equipment in accordance with theuaband NREL Safe Operating
Procedures

8.5 Follow all applicable NREL chemical handlingpedures

9. Sampling, Test Specimens and Test Units

9.1 Care must be taken to ensure a representatinpls is taken for analysis.

9.2 LAP “Preparation of Samples of Biomass Compmstl Analysis” should be
performed prior to this analysis. Samples must lzarenimum total solids content of
85%.

9.3 LAP “Determination of Extractives in Biomassioalld be performed prior to this
analysis if extractives are present in the sample.

9.4 LAP “Determination of Solids in Biomass” sholid performed at the same time that

samples for this analysis are weighed out.
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9.5 This procedure is suitable for samples thaehmeen air dried or lyophilized.
Samples dried at a temperature of 45°C or higheenat suitable for this procedure.

9.6 Steps 9.2 to 9.4 should be applied to the @Adstrd

10. Procedure

10.1 Prepare the sample for analysis and hydrolyze

10.1.1 Place an appropriate number of filtering-ites in the muffle furnace at 575 +25
°C for a minimum of four hours. Remove the crucslfi®m the furnace directly into a
desiccator and cool for a specific period of timee hour is recommended. Weigh the
crucibles to the nearest 0.1 mg and record thightelt is important to keep the

crucibles in a specified order, if they are not kearwith identifiers. Permanent marking
decals are available from Wale Apparatus. Do nakrtiee bottom of the filtering

crucible with a porcelain marker, as this will inajgefiltration.

10.1.2 Place the crucible back into the muffle fomat 575 + 25 oC and ash to constant
weight. Constant weight is defined as less tharBinfly change in the weight upon one
hour of re-heating the crucible.

10.1.3 Weigh 300.0 + 10.0 mg of the sample or (@hdard into a tared pressure tube.
Record the weight to the nearest 0.1 mg. Labeptassure tube with a permanent
marker. LAP “Determination of Total Solids in Bioss should be performed at the
same time, to accurately measure the percent doliderrection. Each sample should be
analyzed in duplicate, at minimum. The recommerizidh size is three to six samples

and a QA standard, all run in duplicate.
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10.1.4 Add 3.00 ©.01 mL (or 4.92 .01 g) of 72% sulfuric acid to each pressure.tube
Use a Teflon stir rod to mix for one minute, oriltite sample is thoroughly mixed.
10.1.5 Place the pressure tube in a water batht &t +3 °C and incubate the sample for
60 + 5 minutes. Using the stir rod, stir the sangery five to ten minutes without
removing the sample from the bath. Stirring is B8akto ensure even acid to particle
contact and uniform hydrolysis.

10.1.6 Upon completion of the 60-minute hydrolysesmove the tubes from the water
bath. Dilute the acid to a 4% concentration by agd4.00 +0.04 mL deionized water
using an automatic burette. Dilution can also beedoy adding 84.00 .04 g of

purified water using a balance accurate to 0.(8cgew the Teflon caps on securely. Mix
the sample by inverting the tube several timeditoieate phase separation between high
and low concentration acid layers.

10.1.7 Prepare a set of sugar recovery standaRiS)(®at will be taken through the
remaining hydrolysis and used to correct for loghesto destruction of sugars during
dilute acid hydrolysis. SRS should include D-(+jgise, D-(+)xylose, D-(+)galactose, -
L(+)arabinose,and D-(+)mannose. SRS sugar cont¢emsashould be chosen to most
closely resemble the concentrations of sugarsariast sample. Weigh out the required
amounts of each sugar, to the nearest 0.1 mg,dthd@®0 mL deionized water. Add 348
uL of 72% sulfuric acid. Transfer the SRS to a puessube and cap tightly.

10.1.7.1 A fresh SRS is not required for every ysial A large batch of sugar recovery
standards may be produced, filtered throughuZilters, dispensed in 10.0 mL aliquots
into sealed containers, and labeled. They maydredin a freezer and removed when

needed. Thaw and vortex the frozen SRS prior toltif®zen SRS are used, the
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appropriate amount of acid must be added to theglaample and vortexed prior to
transferring to a pressure tube.

10.1.8 Place the tubes in an autoclave safe rackpkace the rack in the autoclave.
Autoclave the sealed samples and sugar recovargatds for one hour at 121°C,
usually the liquids setting. After completion oéthutoclave cycle, allow the
hydrolyzates to slowly cool to near room tempemtefore removing the caps. (If step
10.2 is not performed, draw a 10 mL aliquot ofligaor for use in step 10.5.)

10.2 Analyze the sample for acid insoluble lignefalows

10.2.1 Vacuum filter the autoclaved hydrolysis soluthrough one of the previously
weighed filtering crucibles. Capture the filtrates filtering flask.

10.2.2 Transfer an aliquot, approximately 50 mko ia sample storage bottle. This
sample will be used to determine acid soluble higms well as carbohydrates, and acetyl
if necessary. Acid soluble lignin determination s done within six hours of
hydrolysis. If the hydrolysis liquor must be starédghould be stored in a refrigerator for
a maximum of two weeks. It is important to collda liquor aliquot before proceeding
to step 10.2.3.

10.2.3 Use deionized water to quantatively tranalfierlemaining solids out of the
pressure tube into the filtering crucible. Rinse $olids with a minimum of 50 mL fresh
deionized water. Hot deionized water may be usgdaoce of room temperature water to
decrease the filtration time.

10.2.4 Dry the crucible and acid insoluble residti205 + 3 °C until a constant weight is

achieved, usually a minimum of four hours.
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10.2.5 Remove the samples from the oven and capbiesiccator. Record the weight of
the crucible and dry residue to the nearest 0.1 mg.

10.2.6 Place the crucibles and residue in the mfiffinace at 575 + 25 °C for 24 + 6
hours.

10.2.6.1 A furnace with temperature ramping mayg aks used Furnace Temperature
Ramp Program: Ramp from room temperature to 1086Id at 105°C for 12 minutes
Ramp to 250 °C at 10°C / minute Hold at 250 °C3@minutes Ramp to 575 °C at 20 °C
/ minute Hold at 575 °C for 180 minutes Allow termgaere to drop to 105 °C Hold at
105 °C until samples are removed

10.2.7 Carefully remove the crucible from the funmairectly into a desiccator and cool
for a specific amount of time, equal to the iniabl time of the crucibles. Weigh the
crucibles and ash to the nearest 0.1 mg and relcerdeight. Place the crucibles back in
the furnace and ash to a constant weight. (The atafacid insoluble ash is not equal
to the total amount of ash in the biomass sampm@éerRo LAP “Determination of Ash in
Biomass” if total ash is to be determined.)

10.3 Analyze the sample for acid soluble lignifa®ws

10.3.1 On a UV-Visible spectrophotometer, run ekemund of deionized water or 4%
sulfuric acid.

10.3.2 Using the hydrolysis liquor aliquot obtainedtep 10.2.2, measure the
absorbance of the sample at an appropriate wavblenga UV-Visible
spectrophotometer. Refer to section11.3 for sugdestvelength values. Dilute the
sample as necessary to bring the absorbance mtaige of 0.7 — 1.0, recording the

dilution. Deionized water or 4% sulfuric acid mag lsed to dilute the sample, but the
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same solvent should be used as a blank. Recoabdumbance to three decimal places.
Reproducibility should be + 0.05 absorbance uAitalyze each sample in duplicate, at
minimum. (This step must be done within six hourbyarolysis.)

10.3.3 Calculate the amount of acid soluble ligmesent using calculation 11.3.
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Procedure Title: Determination of Sugars, Byproducts, and Degradation Products

in Liquid Fraction Process Samples L aboratory Analytical Procedure

1. Introduction

1.1 Carbohydrates make up a major portion of biomasgkss. These carbohydrates are
polysaccharides constructed primarily of glucogdégse, arabinose, galactose, and
mannose monomeric subunits. During certain pretreats of biomass, a portion of
these polysaccharides are hydrolyzed and solubl@sare released into the liquid
stream. This method is used to quantify the tatabant of soluble carbohydrates
released into solution as well as the amount ofanaric sugars released into
solution. The soluble sugars in the liquid fractadrprocess samples can be
guantified by HPLC with refractive index detectidhthe sugars are present in
oligomeric form further processing into their morer units is required prior to
HPLC analysis.

1.2 The liquid portion may also contain carbohydratgreddation products, such as HMF
and furfural, as well as other components of irgerguch as organic acids and sugar
alcohols. This method is used to measure the tEvblese degradation products and
byproducts. These components are analyzed by HRttO-efractive index detection
to determine optimal production process parameters monitor ongoing processes.

1.3The concentrations of monomeric sugars (solubleasaccharides) and cellobiose,
total sugars (monosaccharides and oligosacchayigesyell as carbohydrate
degradation products and sugar alcohols can bendieed using this procedure.

Monomeric sugars are quantified by HPLC with refrkecindex detection.
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Oligomeric sugars are converted into the mononferio using acid hydrolysis and
qguantified by HPLC with refractive index detectid@yproducts and degradation

products are quantified by HPLC with refractiveerdletection.

2. Scope

2.1This procedure is used to characterize liquid pesamples, including pretreatment
liquors, liquid fermentation samples, and liquiddtions of process solids.

2.2This procedure is appropriate for biomass contgitive components listed
throughout the procedure. Any biomass containihginterfering components
(such as co-eluting constituents) must be furtheestigated.

2.3 All analyses should be performed in accordance aitlappropriate laboratory

specific Quality Assurance Plan (QAP).

3. Terminology

3.1None

4. Significance and Use

4.1 This procedure is used to determine the composttidiguid fraction process
samples. Other optional procedures can be useashjonrction with this procedure,
including a measure of acid soluble lignin in LAPetermination of Structural
Carbohydrates and Lignin in Biomass”. 4.2 This phae is used, in conjunction
with other procedures to determine the chemicalpmsition of biomass samples, see

LAP “Summative Mass Closure for Biomass Samples”.
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5. Interferences

5.1When analyzing for carbohydrate degradation pradant sugar alcohols, the

following interferences should be noted:

5.1.1 Arabitol coelutes with xylitol. If the sample isathght to contain arabitol, the
experimentally determined xylitol concentration glaobe flagged as potentially
being biased high due to the suspected arabitopoosnt.

5.1.2 Some samples may contain sorbitol, which elutesiadoninute earlier than
xylitol on the Aminex HPX-87H column, and will apgreas a peak in between
the xylose and arabinose peaks.

5.1.3 Some samples may contain glycerol, which elutéseatame time as formic acid
on the Aminex HPX-87H column.

5.2 Certain guard columns for carbohydrate quantiftcatnay cause artifact peaks.

Individual carbohydrates should be run on new caisiiend guard columns to verify

the absence of artifact peaks.

6. Apparatus

6.1 Analytical balance, accurate to 0.1mg

6.2 pH meter, accurate to 0.01pH unit

6.3 Autoclave, suitable for autoclaving liquids, setl&i° + 3°C

6.4HPLC system equipped with refractive index deteatad the following columns:
6.4.1 Shodex sugar SP0810 or Biorad Aminex HPX-@1&mn (or equivalent) with

ionic form H+/CO3- deashing guard column
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6.4.2 Biorad Aminex HPX-87H column (or equivalemjh corresponding guard column

7. Reagents and materials

7.1 Reagents

7.1.1 High purity standards

7.1.1.1D-cellobiose, D-(+)glucose, D-(+)xylose, D-(+)galase, L-(+)arabinose, and D-
(+)mannose 7.1.1.2 Xylitol, succinic acid, L-lacsicid, glycerol, acetic acid,
ethanol, 5-hydroxy-2-furaldehyde (HMF), and furfura

7.1.2 Second set of high purity standards, as listed @pioom a different source
(manufacturer or lot), to be used to prepare catibn verification standards
(CVS)

7.1.3 Sulfuric acid, concentrated, ACS reagent grade

7.1.4 Sulfuric acid, 72% w/w (specific gravity 1.6338210C)- (also commercially
available as a reagent for the determination afrihe, from Fluka #00647)

7.1.5 Calcium carbonate, ACS reagent grade 7.1 @MdPLC grade, 0.gm filtered

7.2 Materials 7.2.1 Erlenmeyer flasks, 20 mL

7.2.2 Pressure tubes, minimum 65 mL capacity, glasis screw on Teflon caps and o-

ring seals (Ace glass # 8648-30 tube with #584®4d, or equivalent) or glass bottles,

autoclave safe, crimp to, with rubber stoppersaunchinum seals to fit

7.2.3 pH paper (range 2-9)

7.2.4 Disposable syringes, 3 mL, fitted with Qr syringe filters

7.2.5 Autosampler vials with crimp top seals to fit

7.2.6 Volumetric pipets, class A, of appropriateesior corresponding pipettors
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7.2.7 Volumetric flasks, class A, of appropriateesi for standard and CVS dilution

7.2.8 Adjustable pipettors, covering ranges oful® 10 ml

8. ES&H Considerations and Hazards
8.1 Sulfuric acid is corrosive and should be handletth ware

8.2Follow all applicable NREL chemical handling prouess

9. Sampling, Test Specimens and Test Units

9.1Vigorously shake or vortex the sample to suspemndeatrained solids. Samples may
be filtered prior to analysis if entrained soliae aot of interest.

9.2 Care must be taken to ensure a representative saspken for analysis at each
step. When measuring volumes for analysis, the Eashould be at room
temperature.

9.3 Store samples in sealed containers so the votatitgoponent concentration remains

consistent. Samples should be stored in a refigieuatil ready to use.

10.Procedure

10.1 Measure and record the pH of each sample to theste@d01 pH unit

10.2 Analyze the sample for byproducts and degradatrodyxts as follows

10.2.1 Prepare 0.005 M (0.01 N) sulfuric acid for use &P4C mobile phase. In a 2L
volumetric flask, add 2.00 mL of standardized 168u¥uric acid and bring to
volume with HPLC grade water. Filter through a (2 filter and degas before

use. If 10N sulfuric acid is not available, concated sulfuric acid may also be
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used. 278 concentrated sulfuric acid brought to volume ibLavolumetric flask
with HPLC grade water will also produce 0.005 M stif acid. 10.2.2 Prepare a
series of calibration standards containing the ammgs that are to be quantified,
referring to Table 1 for suggested concentrationges. Use a four point
calibration. If standards are prepared outsiddefsuggested ranges, the new
range for these calibration curves must be valtiakee linear range of HMF and
furfural is limited by their solubility. Add these/o components to the standards
after the ethanol has been added to increase the adFurfural solubility. Filter
the standard solutions through @2 filters into autosampler vials. Seal and label
the vials.
10.2.2.1 The retention times of xylitol and succiacid are close. Test the column to
verify adequate peak separation and quantificatfadequate separation is not
achieved, regenerate or replace the column androcomhproved separation.
10.2.2.2 A fresh set of standards is not requioec¥ery analysis. A large batch of
standards may be produced, filtered throughuZilters into autosampler vials, sealed
and labeled. The standards and CVS samples maypiee sn a freezer and removed
when needed. Thaw and vortex frozen standards foriase. During every use,
standards and CVS samples should be observed tisuahconcentration behavior.
Unusual concentrations may mean that the samptesoanpromised or volatile
components have been lost. Assuming sufficientmelustandards and CVS samples
should not have more than 12 injections drawn feosigle vial. In a chilled
autosampler chamber, the lifetime of standardsGv8 samples is approximately seven

days.
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10.2.2.3 Table 1- Suggested concentration rangel)f@.2 calibration standards
Component Approximate Retention time (min) Suggestencentration range (mg/ml)
Xylitol 11.6 0.2 — 6.0 Succinic acid 12.0 0.2 —@0-Lactic acid 13.2 0.2 - 12.0
Glycerol 14.2 0.2 — 8.0 Acetic acid 15.5 0.2 — 1PtBanol 22.7 1.0 - 15.0 HMF 29.4
0.02 — 5.0 Furfural 42.8 0.02 - 5.0 CVS - Middldinéar range 10.2.3 Prepare an
independent calibration verification standard (CW8)each set of calibration standards.
Use reagents from a source or lot other than thed in preparing the calibration
standards. Prepare the CVS at a concentratioffidiietn the middle of the validated
range of the calibration curve. The CVS shouldmeyzed on the HPLC after each
calibration set and at regular intervals througtibatsequence, bracketing groups of
samples. The CVS is used to verify the quality stiadbility of the calibration curve(s)
throughout the run. 10.2.4 Prepare the sample($)RL.C analysis by passing it through
a 0.2um filter into an autosampler vial. Seal and label Yial. Prepare each sample in
duplicate if desired. If an analyzed sample fallss@le of the validated calibration range,
dilute as needed and analyze the sample agaircdrteentrations should be corrected
for dilution after running. See sections 11.1 ahd® Tor calculations.

10.2.5 Analyze the calibration standards, CVS, sardples by HPLC using a Biorad
Aminex HPX-87H column. HPLC conditions: Sample vakr 10 - 25.L, dependent on
sample concentration and detector limits Mobile ph@905 M sulfuric acid, 0.2m
filtered and degassed Flow rate: 0.6 mL / minutki@a temperature: 55 — 65 °C
Detector temperature: as close to column temperasipossible Detector: refractive
index Run time: 50 minutes

10.3 Analyze the sample for monomeric sugars and celkebas follows
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10.3.1 Prepare a series of calibration standards contathi& compounds that are to be
guantified, referring to Table 2 for suggested @mi@tion range. Use a four
point calibration. If standards are prepared oetsidthe suggested ranges, the
new range for these calibration curves must belstdd.

10.3.2 Table 2- Suggested concentration ranges for 1@a8ilration standards
Component Suggested concentration range (mg/mblibksose 1.2 — 24.0
D(+)glucose 1.2 — 24.0 D(+)xylose 1.2 — 24.0 D(+ggtosel.2 — 24.0
L(+)arabinosel.2 — 24.0 D(+)mannose 1.2 — 24.0 GMklle of linear range,
concentration not equal to a calibration point Q1suggested) Note: A larger
concentration range is possible on some HPLC inmstnis.

10.3.3 A fresh set of standards is not required for ewaglysis. A large batch of
standards may be produced, filtered throughudilters into autosampler vials,
sealed and labeled. The standards and CVS sampleberstored in a freezer
and removed when needed. Thaw and vortex frozewatds prior to use. During
every use, standards and CVS samples should beveldder unusual
concentration behavior. Unusual concentrations megn that the samples are
compromised or volatile components have been Asstuming sufficient volume,
standards and CVS samples should not have morelthamections drawn from
a single vial. In a chilled autosampler chambez,ltfetime of standards and CVS
samples is approximately three to four days.

10.3.4 Prepare an independent calibration verificationdaad (CVS) for each set of
calibration standards. Use reagents from a sourl# other than that used in

preparing the calibration standards. Prepare th® @\a concentration that falls
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in the middle of the validated range of the caliioracurve.. The CVS should be
analyzed on the HPLC after each calibration setaeamdgular intervals
throughout the sequence, bracketing groups of ssanphe CVS is used to verify
the quality and stability of the calibration cursethroughout the run.

10.3.5 Measure and record pH or refer to step 10.1 for @dsarement. If the pH is less
than 5, use calcium carbonate to neutralize am@ti¢lO mL is recommended) of
each sample in an Erlenmeyer flask. NeutralizeH&p- 6. Avoid neutralizing to
a pH greater that 6 by monitoring with pH paperdAlkle calcium carbonate
slowly upon reaching a pH of 4. Swirl the sampésgtrently. After reaching pH 5
— 6, allow the sample to settle and decant oftctear liquid. The pH of the liquid
after settling will be approximately 7. Sampleshnat pH greater than 9 cannot be
analyzed using the HPX-87P column.

10.3.6 Prepare the sample for HPLC analysis by passindebanted liquid through a
0.2um filter into an autosampler vial. Seal and label Yial.. Prepare each
sample in duplicate if desired. If it is suspedteat the sample concentrations
may exceed the calibration range, dilute the sasmdeneeded, recording the
dilution. The concentrations should be correctediflution after running. If
necessary, neutralized samples may be stored nefitigerator for three or four
days. After this time, the samples should be cameitl compromised.

10.3.7 Analyze the calibration standards, CVS, and sampfd3PLC using a Shodex
sugar SP0810 or Biorad Aminex HPX-87P column ecgdppith the appropriate
guard column. HPLC conditions: Injection volume:4160uL, dependent on

concentration and detector limits Mobile phase: HRj&le water, 0.2m
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filtered and degassed Flow rate: 0.6 mL / minutki@o temperature: 80 - 85°C
Detector temperature: as close to column temperasipossible Detector:
refractive index Run time: 20 minute data collectpdus 15 minute post run (with
possible adjustment for later eluting compoundsieNdhe deashing guard
column should be placed outside of the heatingamdtkept at ambient
temperature. This will prevent artifact peaks ia 8hromatogram. See sections
11.1 and 11.2 for calculations.

10.4 Analyze the sample for total sugar content (mondsaddes and

oligoscaaharides)

10.4.1 Refer to steps 10.3.1 through 10.3.4 for prepamnadiccalibration standards and
CVS samples. It is often useful to combine the ysed from 10.3 and 10.4 into
one HPLC sequence.

10.4.2 Pipette duplicate representative aliquots of sanmptea pressure tube, or
autoclave safe bottle if pressure tubes are noladka Aliquots of 5.0, 10.0, or
20.0 mL may be used, depending on available savgblene.

10.4.3 Measure and record the pH of the sample of refsteyp 10.1 for pH
measurement. Based on sample pH, calculate therarabéd2% w/w sulfuric
acid required to bring the acid concentration ahealiquot to 4% (refer to
section 11.3 for example calculations and sectma for a quick reference
sheet). Add the required amount of acid while smgrthe sample. Stopper the
bottles and crimp aluminum seals into place. Usipgrmanent marker, label the
aluminum seals with sample identification. Recdrel &amount of acid added so

the dilution of the solution can be accounted for.
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10.4.4 Prepare a set of sugar recovery standaRis)(tBat will be taken through the
analysis and used to correct for losses due tondposition of sugars during dilute acid
hydrolysis. Refer to Table 3 for SRS concentraioggestions. SRS concentrations
should be chosen to most closely resemble the atrati®ns of sugars in the sample.
Weigh out the required amounts of each sugar,@gméarest 0.1 mg, and transfer to a
crimp top bottle. Add 10.0 mL HPLC grade water.

10.4.4 Table 3- Suggested concentrations for 10.4.4 swegavery standards Sugar
concentrations (mg / mL) SRS type glucose xylodaajase arabinose mannose
High 40 100 20 20 10 Medium 20 50 10 10 5 Low 2101

10.4.5 Add the appropriate amount of 72% sulfuric aci@ash sugar recovery standard
(refer to section 11.3 for example calculation®y. & starting pH of 7, the amount
of 72% sulfuric acid needed will be 348. Stopper the bottles and crimp
aluminum seals into place. Using a permanent mackeairly label the aluminum
seals with sample identification.

10.4.6 A fresh SRS is not required for every analysisafyé batch of sugar recovery
standards may be produced, filtered throughuZilters, dispensed in 10.0 mL
aliquots into sealed containers, and labeled. Thay be stored in a freezer and
removed when needed. Thaw and vortex the frozen@iR6to use. If frozen
SRS are used, the appropriate amount of acid neustitted to the thawed sample
and vortexed prior to transferring to a glass crioppbottle.

10.4.7 Autoclave the sealed samples and sugar recovergiatads for one hour at 121°C,

usually the liquids setting. After completion oéthutoclave cycle, allow the
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hydrolyzates to slowly cool to near room tempemtefore removing the seals
and stoppers.

10.4.8 Use calcium carbonate to neutralize each saméits — 6. Avoid neutralizing
to a pH greater that 6 by monitoring with pH papetd the calcium carbonate
slowly upon reaching a pH of 4. Swirl the sampésgtrently. After reaching pH 5
— 6, allow the sample to settle and decant oftctear liquid. The pH of the liquid
after settling will be approximately 7.

10.4.10 Repeat steps 10.3.6 and 10.3.7, analyalitgation standards, CVS, SRS, and

samples. Refer to sections 11.1, 11.2, 11 4, arfifdd calculations. 10.5 Analyze the

sample for acid soluble lignin content 10.5.1 Satien 10.3 in LAP “Determination of

Structural Carbohydrates and Lignin in Biomass”danethod for determining acid

soluble lignin. Filter the liquor prior to this dgsis if necessary.

11. Calculations

11.1 Create a calibration curve for each analyteetquantified using linear regression.
From these curves, determine the concentrationgitmin of each component present in
the samples analyzed by HPLC, correcting for duif required.

11.2 Calculate and record the amount of each edidor verification standard (CVS)
recovered following HPLC analysis. % CVS recovergonc. detected by HPLC,mg/mL

known conc. of standard, mg/mL x 100
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Enzymatic Saccharification of Lignocellulosic Biomass

Laboratory Analytical Procedure #009

1. Introduction

1.1 This procedure describes the enzymatic sadiadion of cellulose from native or
pretreated lignocellulosic biomass to glucose areoto determine the maximum
extent of digestibility possible (a saturating leea commercially available or in

house produced cellulase preparation and hydraliyses up to one week are used).

2. Scope

2.1 This procedure is appropriate for lignocelliddgiomass. If the biomass is suspected
to have some starch content, dry weight percehilosé calculated from total glucan
(LAP-002) must be corrected to subtract the staastiribution to total dry weight
percent glucose.

2.2 All analyses shall be performed according &gtidelines established in the Ethanol

Project Quality Assurance Plan (QAP).

3. References

3.1 Grohmann, K., Torget, R., and Himmel, M. (19&iptech. Bioeng. Symp. No. 17,
135-151.

3.2 Ghose, T.K. (1987), Pure & Appl. Che®®, 257-268.

3.3 Stockton, B.C., Mitchell, D.J., Grohmann, K.datimmel, M.E. (1991), Biotech.

Let. 13, 57-62.
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3.4 Adney, B. and Baker, J. (1993), Ethanol Prdjattoratory Analytical Procedures,
LAP-006, National Renewable Energy Laboratory, @aldCO, 80401.
3.5 Ehrman, C. I. (1996), Ethnaol Project Labonratanalytical Procedures, LAP-016,

National Renewable Energy Laboratory, Golden, Gi208.

4. Terminology

4.1 Pretreated biomass - Biomass that has beeecsetjto milling, chemical treatment
with water or steam, strong or dilute acid or dlkad other physical or chemical
methods to render the cellulose content of the miaht@ore accessible to enzymatic
action.

4.2 Cellulase enzyme - an enzyme preparation exiglall three synergistic cellulolytic
activities: endo-1,4-D-glucanase, exo-1,@-glucosidase, d8-D-glucosidase

activities, which are present to different extantdifferent cellulase preparations.

5. Significance and Use
5.1 The maximum extent of digestibility is usedconjunction with other assays to

determine the appropriate enzyme loading for sadataion of biomass.

6. Interferences

6.1 Test specimens not suitable for analysis ts/ghocedure include acid- and alkaline
pretreated biomass samples that have not been evdsheashed pretreated biomass
samples containing free acid or alkali may chamdetion pH to values outside the

range of enzymatic activity.
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7. Apparatus

7.1 VWR model 1540 incubator set ab%0L.C.

7.2 Cole-Parmer model 7637-20 "Roto-Torque" Fixpdesl Rotator.

7.3 A 24-slot large-holed test tube rack that camtbached to the "Roto-Torque”
Rotator.

7.4 Eppendorf model 5414 microcentrifuge.

7.5 pH meter.

7.6 Analytical balance, sensitive to 0.0001 g.

7.7 Yellow Springs Instrument, Inc., Model 27 Gluedmalyzer or Model 2700 Select
Biochemistry Analyzer.

7.8 Drying oven adjusted to 145+ 20.C.

7.9 A 200uL and a 100QuL Eppendorf Pipetman pipet with tips.

8. Reagentsand Materials

8.1 Tetracycline (10 mg/mL in 70% ethanol).

8.2 Cycloheximide (10 mg/mL in distilled water).

8.3 Sodium citrate buffer (0.1M, pH 4.80).

8.4 Cellulase enzyme of known activity, FPU/mL.

8.5 -glucosidase enzyme of known activity, pPNPGL/m

8.6 Solka Floc 200 NF, FCC (microcrystalline calké) from Brown Company
with ash, moisture, and xylan contents determised Ethanol Project
Laboratory Analytical Procedures, LAP-001, -002] a@05).

8.7 Eppendorf Safe-Lock 1.5-mL microcentrifuge tibe
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8.8 20-mL glass scintillation vials equipped wilagiic-lined caps.

9. ES& H Considerations and Hazards
9.1 Cycloheximide and tetracycline are hazardodsnanst be handled with appropriate
care.

9.2 Follow all applicable NREL Laboratory Specifiggiene Plan guidelines.

10. Procedure

10.1 Total solids must be determined for all celéa containing samples to be digested
(LAP-001).

Note: all lignocellulosic materials which have urgine some agueous pretreatment
must never undergo any drying whatsoever prionizyme digestibility, since
irreversible pore collapse can occur in the midraeture of the biomass leading to
decreased enzymatic release of glucose from thdasd. Additionally, all frozen
lignocellulosic materials which are to be subjedtedigestibility tests can not have been
frozen for more than one month prior to analysis;es depending on the environment,
sublimation could have occurred, leading to possieversible collapse of micropores
in the biomass.

10.2 Weigh out a biomass sample equal to the elguivaf 0.1 g of cellulose on a 1405
dry weight basis (the cellulose content of the danginitially determined as glucose
by LAP- 002, minus the contribution of any starcagent, LAP-016) and add to a 20
mL glass scintillation vial. Also, weigh out 0.lo§the Solka Floc MVS and add to

another vial.
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10.3 To each vial, add 5.0 mL 0.1 M, pH 4.8 sodiutmrate buffer.

10.4 To each vial, add 440 (400 Fg) tetracycline and 30 (300 ug) cycloheximide to
prevent the growth of organisms during the digestio

10.5 Calculate the amount of distilled water nedddating the total volume in each vial
to 10.00 mL after addition of the enzymes specifrethe following step. Add the
appropriate calculated volume of water to each illlsolutions and the biomass are
assumed to have a specific gravity of 1.000 g/miusT if 0.200 g of biomass is added
to the vial, it is assumed to occupy 0.200 mL arf@9 mL of liquid is to be added.

10.6 Bring the contents of each vial taGMy warming in the incubator set ab3QL.C.
To each vial is added an appropriate volume ot#llellase enzyme preparation to
equal approximately 60 FPU/g cellulose and the @mpate volume of-glucosidase
enzyme to equal 6aNPGU/g cellulose.

Note: If the rate of enzymatic release of gluces®ibe measured, all

contents of the vial prior to the addition of thegme must be at 50. The

enzymes are always added last since the reactioiigged by the addition

of enzyme.

10.7 Prepare a reaction blank for the substrate.stibstrate blank contains buffer, water,
and the identical amount of substrate in 10.00 miume.

10.8 Prepare enzyme blanks for cellulase ffugtlicosidase with buffer, water, and the
identical amount of the enzyme.

10.9 Close the vials tightly and place them in"fReto-Torque" fixed speed rotator set at
an approximate angle of 5 that has been placed in the VWR incubator s&@&l.

Incubate with gentle rotation (68 RPM) for a peradd2 to 168 hours or until the
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release of soluble sugars from the sample(s) besoegligible when measured by

YSI, as described in the next step.

10.10 If the progress of the reaction is to be miesss a 0.3-0.5 mL aliquot is removed at
each predetermined time interval after the vialteots have been well mixed by
shaking. This is accomplished by using a 1.0-mLdfglorf Pipetman pipet with the

tip of the plastic 1.0-mL tip slightly cut off (@llow solids, as well as liquid, to be
withdrawn into the orifice). The sample is expelieth a 1.5-mL microcentrifuge tube
and centrifuged for 1.5 minutes. The supernatasiligected to glucose analysis using

the YSI glucose analyzer.
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PARR Pretreatment Pr otocol

Apparatus
e Reaction Vessel
o Lift
e Clamps
e Heater Assembly
e Pressure Gauge
e Motor
e Cooling Water

e Torque Wrench

Personal Protection Equipment
e Forearm length Kevlar® gloves
e Safety glasses

e Rubber apron (suggested)

Procedure
1. Ensure that the flexible gasket ring is securetthénreactor head. This will
ensure that no vapors escape during reaction
2. Place the slurry in the Reaction Vessel.
Note: The working volume is 250 mL liquid and 4%id®. Do not place

exceed this level
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3. Place the Reaction Vessel in the Lift

4. Raise the Reaction Vessel up to the reactor hesurE that the Lift
snhaps in place before releasing

5. Place the 2 Clamps around the Reactor Vessel-Head

6. Tighten the compression bolts in a criss-crossidashising the torque
wrench.

7. Bring the Lift down

8. Raise the Heater Assembly and secure beneath andcathe Reaction
Vessel

9. Turn Display on |

10.Turn Heater on I

11. Turn Motor On for stirring (optional)

12. Set the temperature read-out to the target temper&ptional)

13. Starting temperature is usually°20

14.Monitor the reaction. Record pressure, temperatuné time

15.When target temperature (or pressure) is reacbhaditie Cooling Water
valve on

16.Lower the Heater Assembly from the Reaction Vessel

17.Allow the temperature to fall below %D before proceeding

18.Place the Kevlar® gloves on

19. Raise the Lift beneath and around the Reactioné&leSasure that the Lift
locks into place (and test)

20.Loosen the compression bolts using the torque vrenc
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21.Remove the clamps

22.Lower the Lift and Reaction Vessel

23.Remove the Reaction Vessel from the Lift

24. Empty the contents and collect sample and liquor

25.Evaluate the condition of the flexible gasket ring
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