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PREFACE

Human kind will soon face energy crisis in the light of dwindling fossil fuel resources
and climate change due to global warming caused by burning fossil fuel that emits
greenhouse gases. To overcome these crisis, utilization of abundant and low cost
lignocellulosic biomass to produce renewable energy, bio-chemicals, and bio-based materials
is the only sustainable way. Biomass utilization to meet human needs is not new as wood and
other biomass resources are being used for heating, cooking, and house construction for
centuries. However, the industrial economy warrants their efficient utilization to derive the
maximum value. For example, as envisioned and practiced in a typical biochemical
conversion platform, it may not be economical in the long run to convert only the
carbohydrate fraction of biomass to fuels and chemicals and burn lignin to meet the
biorefinery energy demand and/or selling (excess) electricity to the grid. In fact, it would be
necessary to valorize the whole biomass including lignin to fuels, chemicals, and materials to
make the lignocellulosic biorefinery profitable and our planet sustainable.

This book is intended to provide readers the updates on various biomass valorization
routes to make fuels, chemicals, and materials. In addition, it covers the past and current
developments on biomass logistics, analytical tools applied to characterize lignocellulosic
biomass, environmental aspects and engine performance of various fuels, and techno-
economical aspects of lignocellulosic biomass refinery. Overall, the book contains eleven
chapters. Chapter 1 is focused on biomass logistics and their impacts on bioenergy
applications. Chapter 2 provides details on analytical tools applied to characterize biomass
during pretreatment and bioconversion. Chapter 3 deals with the past and current
developments on biochemical conversion of lignocellulosic biomass to ethanol. Chapter 4
gives in-depth overview of anaerobic digestion of biomass to biogas and its impacts on
energy quality. Chapter 5 presents the overview of developments in thermochemical
conversion of biomass to fuels and chemicals including gasification, pyrolysis, and
hydrothermal treatment. Chapter 6 covers hydrothermal liquefaction of biomass and its
life cycle and techno-economical aspects. Chapter 7 provides a thorough review on
heterogeneous catalysts application in low to high temperature conversions of biomass to
fuels and chemicals. Chapter 8 provides details on lignin valorization to fuels and chemicals
including lignin structure, its isolation and characterization methods, and the conversion
routes. Chapter 9 deals with the production methods and the physicochemical properties of
nanomaterials such as nanocelluloses that are believed to play a major role in the future bio-
economy. Chapter 10 applies techno-economics analysis (TEA) to show the impact of co-
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viii Rajeev Kumar, Seema Singh and Venkatesh Balan

production of muconic acid- a precursor for adipic acid and terepthalic acid- on ethanol price
for engineered sweet sorghum. Finally, Chapter 11 examines the environmental impacts and
engine performances of various lignocellulosic biomass derived fuels such as ethanol,
butanol, and drop-in fuels as well as bio-diesel.

As covered in this book, several routes of valorizing biomass including biochemical,
thermochemical, thermo-catalytic, and combination of these have been proposed and
developed. However, due to capital costs, end products selectivity and yields, and the process
flexibility for the feedstock and/or end products, one route or process may look attractive over
another. Continued research is vital to make these processes more energy efficient and carbon
neutral. The future research efforts should also be directed to develop novel conversion routes
that use less chemicals, water and energy and are feedstock flexible as well as
environmentally sustainable.

We would like to thank all the authors for their expert contributions and valuable time
and reviewers for their invaluable feedbacks. We would like to take a chance to thank the
Nova Science Publishers for inviting us to put this book together and publishing it. The
editors would like to thank the BioEnergy Science Center (BESC, Oak Ridge National
Laboratory), Great Lakes Bioenergy Research Center (GLBRC, University of Wisconsin-
Madison and Michigan State University), and Joint BioEnergy Institute (JBEI, Lawrence
Berkeley National Laboratory), which are U.S. Department of Energy Bioenergy Research
Centers supported by the Office of Biological and Environmental Research in the DOE Office
of Science as well as the U.S. Department of Energy Office of the Biomass Program (OBP),
for funding support.

It is our sincere intention that the book would be of great interest to students and
researchers working in biofuels area.

Rajeev Kumar, University of California Riverside, Riverside,

CA and BioEnergy Science Center (BESC)

Venkatesh Balan, Michigan State University and Great Lakes Bioenergy
Research Center (GLBRC)

Seema Singh, Sandia National Laboratories and Joint Bioenergy Institute (JBEI)
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Chapter 1

IMPACT OF FEEDSTOCK SUPPLY SYSTEMS UNIT
OPERATIONS ON FEEDSTOCK COST AND QUALITY
FOR BIOENERGY APPLICATIONS

Jaya Shankar Tumuluru®, Erin Searcy, Kevin L. Kenney,

William A. Smith, Garold L. Gresham and Neal A Yancey
Idaho National Laboratory, 1D, US

ABSTRACT

The economical and sustainable production of bioenergy depends on efficient
feedstock supply systems. The development of feedstock supply systems requires
balancing cost of delivered feedstock, feedstock quality, and the quantity of biomass
available for feedstock production to meet the demand. Relevant quality characteristics
of feedstocks depend on the conversion process, but usually include moisture,
carbohydrates, particle size and distribution, and ash content and composition. These
properties are highly variable even within a species and are dependent on a variety of
factors, including the methods used to harvest, preprocessing operations, type of biomass,
and climatic condition at the time of harvest. This chapter addresses various unit
operations within the feedstock supply system, including harvest and collection,
preprocessing, and storage, that impact the quality of feedstock delivered to the
biorefinery. This chapter also addresses the impact of feedstock logistics on the feedstock
quality attributes and mitigation methods that can help to manage biomass moisture
content, improve the biomass quality specifications in terms of ash, carbohydrate, and
particle size, and density for biofuels production.

Keywords: biomass, quality, harvesting, storage, preprocessing, logistics.

* Biofuels and Renewable Energy Technology, Idaho National Laboratory, P.O. Box 1625, MS 3570, Idaho Falls,
ID 83415, USA. Email: JayaShankar. Tumuluru@inl.gov.
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2 Jaya Shankar Tumuluru, Erin Searcy, Kevin L. Kenney et al.

INTRODUCTION

Biomass is a renewable resource that can be made into a variety of end products
including, chemicals, electricity, feed, biobased materials, and fuels. Energy production from
cellulosic biomass, such as herbaceous energy crops, annual agricultural crop residues, and
woody biomass, is considered a potential solution for addressing climate change, energy
security, and rural economic development (Greene et al., 2004; McLaughlin et al., 2002).
Biomass conversion technologies used to make these products can generally be categorized as
biological or thermochemical, although other approaches are also being utilized. Biological
conversion includes fermentation of carbohydrate components to produce energy carriers
like ethanol, butanol, hydrogen, and biogas, or extraction of oils for biodiesel production.
Thermochemical conversion includes direct combustion for heat and electricity, as well as
indirect processes like pyrolysis and gasification (Humbird et al., 2011). Feedstock in-feed
specifications vary between conversion processes; for example, the desired ash content is
<1% for many thermochemical conversions but is <5% for biochemical conversion processes
(Kenney, Smith, Gresham, & Westover, 2013a).

Achieving the feedstock quality attributes or performance-driven targets in terms of
intrinsic composition and physical characteristics, while meeting cost targets and supplying
desired feedstock quantities, is challenging. The performance-driven targets or quality
attributes are determined based on the requirements of the biorefinery to meet conversion
performance and limitations of the system infrastructure (e.g., system requirements for
flowability and minimization of catalyst contamination). Specifications are based on the
inherent characteristics of the feedstock material itself and may include moisture, total ash,
hemicellulose, cellulose, lignin, and elemental ash content (Lee, Owens, Boe, & Jeranyama,
2007), as well as physical characteristics (e.g., grind size, particle size distribution, fines
content, flowability, and durability).

FEEDSTOCK SUPPLY SYSTEM: COMPOSITION
AND QUALITY CHALLENGES

According to the U.S. Billion-Ton Update report released by the U.S. Department of
Energy (DOE, 2011), the potential exists for more than a billion tons of biomass to be
available annually by the year 2030 to support biofuels production. Although the broad-scale
use of agricultural crops and woody biomass for the production of bioenergy are emerging,
feedstock supply systems inherit the experience of mature agriculture and logging industries
and are therefore based on these conventional systems. Other lignocellulosic biomass sources
include residues, energy crops, municipal solid waste (yard clippings, construction and
demolition wood debris), and energy crops (Figure 1).

Research has been ongoing for decades to improve conventional agricultural and forestry
feedstock supply systems, designed to support traditional industries such as pulpwood and
animal feed. However, supplying biomass for energy requires at least adaptations to the
conventional systems and potentially new systems altogether.
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Figure 1. Biomass feedstocks for bioenergy (Tumuluru, Hess, Boardman, Wright, & Westover, 2012).
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4 Jaya Shankar Tumuluru, Erin Searcy, Kevin L. Kenney et al.

Certain operations are common across all feedstock supply systems. For example,
whether the biomass is woody or herbaceous, the biomass must be harvested and gathered
within a given harvest window; for woody biomass, this window may be year-round in some
locations. Biomass logistics are complicated by the wide geographical distribution of
resources, time- and weather-sensitive crop maturity, a short window for biomass collection,
and competition from concurrent harvest operations. The major physiological and
geographical challenges associated with using biomass as a feedstock for energy production
are high-moisture content, irregular shapes and sizes, low-bulk density, and spatially scattered
biomass, making the feedstock difficult to handle, transport, store, and utilize in its original
form (lgathinathane et al., 2014; Tumuluru, Hess, Wright, & Kenney, 2011a). To minimize
costs while meeting the required conversion in-feed specifications, biomass must be
processed and handled efficiently. Herbaceous crops are often baled to make the material
easier to handle, while woody material is often chipped prior to transport to the biorefinery.
This chapter examines the impact of the unit operations involved in the supply system on cost
and quality attributes like biomass moisture content ash, carbohydrate, particle size, and
density.

FEEDSTOCK SUPPLY SYSTEM AND COST

Feedstock supply chain logistics includes biomass production, harvesting, collection,
preprocessing (size reduction & densification), transportation, and storage. The main function
of a feedstock supply system is to access biomass in a cost-effective manner while
maintaining quality. The development of efficient, sustainable biomass feedstock supply
systems supports a diverse energy portfolio and increased competitiveness in the global quest
for clean energy technologies. The Department of Energy Bioenergy Technologies Office has
shaped the vision of a national, commodity-scale feedstock supply systems. Much progress
has been made in developing and reaching this vision through optimizing biomass logistics
and defining commaodity attributes compatible with existing commodity-scale, solids-
handling infrastructure.

Advanced feedstock commodity system was designed to support expansion of the
bioenergy industry in the United States by providing strategies and mechanisms for reliably
and sustainably supplying biorefineries with on-spec, affordable feedstock at the volumes
required for sustainable operation (Searcy, Lamers, Hansen, Jacobson & Webb, 2015). This
supply system helps to transform different raw biomass resources from a highly variable,
aerobically unstable, low-density form into a fairly uniform, aerobically stable, high-density,
tradable, aggregatable commodity.

Unit Operations in Biomass Feedstock Supply Systems

Feedstock supply systems involve different unit operations to move the lignocellulosic
biomass from the production place to the reactor throat of the biorefinery (Hess, Thompson,
Hoskinson, Shaw, & Grant, 2003). All these unit operations have an impact on the quality of
the feedstock delivered to the biorefinery.

Complimentary Contributor Copy



Impact of Feedstock Supply Systems Unit Operations on Feedstock Cost ... 5

e Biomass production involves producing biomass feedstocks at the point of harvest.
Various factors which influence the biomass production are: (a) selection of
feedstock type, (b) land-use issues, (c) policy issues, (d) agronomic practices that
drive biomass vyield rates, and (e) directly affected by harvest and collection
operations.

e Harvest and collection operations include getting the biomass from its production
source to the storage or queuing location. The various unit operations in the harvest
and collection are cutting (e.g., combining, swathing, or felling), hauling, and baling,
bundling, or chipping for easy movement.

e Storage and queuing are essential operations used to accommodate seasonal harvest
times, limited operational windows, variable yields, and delivery schedules. Low cost
storage methods are employed to hold the biomass in a stable format until they are
required by the biorefinery.

e Preprocessing changes the biomass to a format that is required by the biorefinery.
Preprocessing can be as simple as grinding and densification increasing the bulk
density or improving conversion efficiency, or it can be as complex as improving
feedstock quality through fractionation, tissue separation, drying, and blending.

e Transportation and handling consists of moving the biomass from one point to
another point in the supply system. The most commonly used transportation methods
are truck, rail, barge, or pipeline. Transportation and handling methods are dependent
on the biomass format and bulk density. Biomass format has a great impact on the
transportation distance (Tumuluru, Igathinathane, Archer, & McCulloch, 2015a). In
general, for a given location transportation options are mostly fixed.

Feedstock Delivered Cost

Delivered feedstock cost depends on many factors, such as feedstock type, conversion
process, the quality of feedstock, location of biomass resource, available technology, supply
chain design, etc. For example, grower payment in highly productive resource areas may be
less than in low-resource areas. Many case studies have performed supply chain analysis to
quantify delivered feedstock cost based on feedstock supply chain design (Muth et al., 2014;
Ren et al., 2015; Roni, Eksioglu, Cafferty, & Jacobson, 2016; Roni, Eksioglu, Searcy, & Jha,
2014; Searcy & Hess, 2010). Table 1 presents an example of feedstock supply system costs
supplying material for biochemical conversion targeted for the year 2017, incorporating
design improvements to reduce feedstock supply system costs, while maintaining (or even
enhancing) feedstock quality, and increasing access to feedstock resources (DOE, 2015). The
goal of the 2017 Design Case is to enable expansion of biofuels production beyond highly
productive resource areas by breaking the reliance of cost-competitive biofuel production on a
single, abundant, low-cost feedstock. For the 2017 Design Case scenario located in western
Kansas, it worked out that both the cost and quality criteria could be achieved through
blending. Additional information on the design case assumptions and harvesting, storage, and
preprocessing process improvement has been discussed in detail by Kenney et al. (2013).
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6 Jaya Shankar Tumuluru, Erin Searcy, Kevin L. Kenney et al.

Table 1. Modeled cost for blended herbaceous feedstock supply systems supplying
material for biochemical conversion in the year 2017, presented in 20118. Costs are
presented on a per dry ton basis (DOE, 2015)

Cost($dry ton)
Feedstock Blend of Herbaceous Feedstocks
Total delivered cost* $80
Grower payment $27.12
Harvest and collection $13.90
Storage and queuing $6.00
Preprocessing and In-Plant receiving $21.90
Transportation and handling $10.50

Note: *Total delivered cost is the sum of grower payment and feedstock logistics cost, from the point of
harvest through to in-feed of the conversion reactor.

The various unit operations impact the quality of the feedstock delivered to the
biorefinery. Research has touched on many aspects of the feedstock supply chain including,
improving the collection scenarios (Igathinathane et al., 2014) and improving the harvesting
and preprocessing machinery performance and efficiencies (Kenney et al., 2013a), with most
of the research focused on a) improving the harvesting and storage operational windows, b)
reducing the material and quality loss in the supply chain, and c¢) improving the cost-to-value
relationship (Kenney et al., 2013a; Shinners, Boettcher, Muck, Weimer, & Casler, 2010).
Currently, size reduction and densification unit operations are gaining importance as they
offer several advantages like: a) improved handling and conveyance efficiencies throughout
the supply system and biorefinery infeed, b) controlled particle size distribution for improved
feedstock uniformity and density, c) fractionated structural components for improved
compositional quality, and d) conformance to pre-determined conversion technology and
supply system specifications (Tumuluru et al., 2011a). Recent research has proven that size
reduction and densification helps to improve the performance of biomass in both
thermochemical and biochemical conversion pathways (Ray, Hoover, Nagle, Chen, &
Gresham, 2013; Sarkar, Kumar, Tumuluru, Patil, & Bellmer, 2014; Yang, Sarkar, Kumar,
Tumuluru, & Huhnke, 2014).

Feedstock quality impacts conversion performance and therefore the overall economics
of bioenergy production. The quality of field-run biomass is impacted by a variety of factors
including: a) inherent species variability, b) production conditions, c) differing harvest
methods and time, d) collection, e) storage practices, and f) weather fluctuations. Even the
process of cutting biomass and laying it on the ground before collecting it introduces ash and
other contaminants that can affect the overall chemical composition (Kenney et al., 2013a).
Commercialization of the biorefineries has led to understanding the importance of the quality
(moisture, ash, and sugar content) and physical properties (particle size and shape). Although
in-feed specifications vary between conversion processes, feedstock supply systems
invariably impact biorefinery performance.
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BioMAss COMPOSITION

Moisture Content

Feedstock moisture content is a critical quality attribute, impacting both cost and quality
of the feedstock. In addition to quality impacts, high moisture increases transportation costs,
because more moisture and less biomass is being transported. High moisture makes biomass
handling and feeding difficult, largely due to plugging of the feeders and hoppers due to its
cohesive nature (Dai, Cui, & Grace, 2012). High moisture can also reduce throughput and
quality of the product during grinding operations. Grinding energy increases with increased
moisture content (Tumuluru, Tabil, Song, Iroba, & Meda, 2014a; Yancey, Tumuluru, &
Wright, 2013). Moisture content also impacts conversion performance, particularly for
thermochemical conversion. High moisture biomass needs to be dried to make it aerobically
stable. According to (Lamers et al., 2015) drying of biomass from 30% to 10% is the most
significant cost in the preprocessing of biomass. Figure 2 indicates the typical moisture
content of non- irrigated corn stover harvested over a period of time. It is very clear from the
figure that the moisture content fluctuations are higher in these crops from year to year and is
dependent on the precipitation received. The bars in the Figure 2 indicate the combined
moisture frequency and lines indicate the moisture frequency by year.

All Data 2009 Harvest = 2010 Harvest
60

50
40

30

Frequency

20

10

0 P e im U N

8 10 13 15 18 20 23 25 28 30 33 35 38 40 43 45 48

% Moisture (wet basis)

Figure 2. Year-to-year variability of corn stover moisture content over the 2009 and 2010 Midwest
harvest seasons (N = 339) adapted from (Kenney et al., 2013a).

Complimentary Contributor Copy



8 Jaya Shankar Tumuluru, Erin Searcy, Kevin L. Kenney et al.

Ash Content

Ash is an inert component of biomass, and has a larger impact on thermochemical
conversion compared to biochemical conversion (Humbird et al., 2011). According to Kenney
et al. (2013a), there are three types of ash in the biomass: a) introduced ash (primarily soil), b)
biological and/or c) structural ash. The introduced ash is largely due to harvesting and
handling methods used in the field (harvest, collection, handling, and storage). Harvesting
methods have the greatest influence on soil contamination in baled herbaceous feedstock
materials whereas, the biological and structural ash is a part of the vascular tissues and plant
cell walls and is more dependent on intrinsic biomass properties such as plant type, maturity,
growing conditions, irrigation practices, anatomical fractions and growth conditions.

In the case of biochemical conversion, ash in the biomass can decrease the convertibility
by displacing convertible carbohydrates and reducing the efficiency of dilute acid
pretreatment (Weiss, Farmer, & Schell, 2010). In thermochemical conversion applications,
higher ash content can lead to slagging, fouling, and corrosion of the equipment (Das,
Ganesh, & Wangikar, 2004; Tumuluru et al., 2012). Studies conducted by Carpenter et al.
(2010) indicated that herbaceous biomass like corn stover, switchgrass, and others result in
varying gas composition during gasification. The results from this are a higher tar
concentration and reduced gasifier efficiency. Woody biomass species are generally lower in
ash content compared to herbaceous biomass, and are therefore, preferred for thermochemical
conversion. In general, the ash content range is higher for herbaceous biomass compared to
woody biomass (Table 2). In Figure 3, total ash (%, dry basis) presented reflects anatomical
ash. The authors’ purpose (Tao, Lestander, Geladi, & Xiong, 2012) was to link biomass
properties to fuels characteristics based on physiological properties rather than logistics
operations of harvesting and handling. As a result, the ash contents are more representative of
the biological properties contributing to structural and vascular ash, rather than ash introduced
from harvesting or storage operations. Currently, examples of ash specifications for
biochemical conversion and thermochemical conversion are <5 and 1%, respectively (Aden
& Foust, 2009; Das et al., 2004; Kenney et al., 2013a). As shown in Table 2 and Figure 3
most of the samples have ash contents in the range of 7-9%, which is well above the
specifications (Kenney et al., 2013a).

Table 2. Mean values and ranges for selected lignocellulosic biomass feedstocks
(both the soil and anatomical ash) (Tao et al., 2012)

Feedstock Mean Ash, %* Reported Range, %
Herbaceous

Corn cob 2.9 (13) 1.0-8.8
Corn stover 6.6 (28) 29-114
Miscanthus straw 3.3(13) 1.1-93
Reed Canary grass 6.7 (11) 3.0-92
Rice straw 17.5 (22) 7.6-255
Sorghum straw 6.6 (5) 4.7-8.7
Sugarcane bagasse 5.6 (27) 1.0-152
Switchgrass straw 5.8 (21) 2.7-10.6
Wheat straw 8.0 (50) 35-2238

Complimentary Contributor Copy
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Feedstock Mean Ash, %* Reported Range, %
Woody

Oak residue 2.5 (5) 15-41
Oak wood 0.6 (11) 02-13
Pine residue 2.6 (4) 0.3-6.0
Pine wood 1.0 (40) 0.1-6.0
Poplar wood 2.1(14) 05-43
Spruce residue 4.3(2) 22-6.4
Spruce wood 0.8 (5) 03-15
Willow residue 2.0(1) 20-20
Willow wood 1.5(18) 1.0-23

* Mean value presented with number of reported samples in parenthesis.

A recent study by Mullen, Boateng, Dadson, & Hashem, (2014) found a positive
correlation between ash content and carbon conversion to aromatic hydrocarbons. Their study
indicated that iron present in the biomass has a positive influence, whereas potassium has a
negative impact. Correlations between elemental species in the ash, the chemical
intermediates from the incipient pyrolysis process, and the final CFP products suggest that the
main influence of potassium is on the initial pyrolysis reactions. However, iron may affect the
catalytic reactions over HZSM-5. In contrast, Wu (2015) suggested that ash has a negative
effect on the gasification reaction rate. He observed that high ash fuels react more slowly
compared to low ash fuels.

80 -
20 4 All Biomass Types
= Switchgrass

60 1 Miscanthus
- 50 - == CRP Mixed Grasses
(8]
s Energycane
$ 40 - gy
O
g
w30 -

20 -

10 -

.

I N N < n VW N 0 O O
! 1 1 | I 1 | l ! —
o

16+ |

O =« N O < 1N O N 0

12-13
13-14
14-15
15-16

% Ash

Figure 3. Histogram of percent ash (anatomical) from four biomass types. Each datapoint is an average
of all of the replicates from a field trial. (Frequency is the number of samples that fit each percentage
(%) bin; Number of samples (n): Switch grass = 60; Miscanthus = 53; CRP Mixed grasses = 97; Energy
cane = 150; All other biomass types = 360) (Idaho National Laboratory (INL), 2016). (Source:
Bioenergy Feedstock Library).
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Carbohydrates

Raw biomass generally consists of about 26-47% cellulose, 19-33% hemicelluloses, 14—
23% lignin, and 1-5% ash for many of the lignocellulosic biomasses (ldaho National
Laboratory (INL), 2016; Lee et al., 2007; Phyllis2, 2015). Carbohydrate is a main constituent
of lignocellulosic biomass and is an important parameter for biochemical conversion, as
structural sugars and the ratio of Cs and Cg sugars impact the pretreatment process and
fermentation process. Figure 4 illustrates how combined glucan plus xylan content of
different bioenergy feedstocks can vary both within a single feedstock type and among
feedstock types.
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Figure 4. Histogram of percent glucan + xylan summed from four biomass types. Each data point is an
average of all of the replicates from a treatment combination from a field trial. Frequency is the number
of samples that fit each percentage (%) bin. (Number of samples: Switch grass = 60; Miscanthus = 53;
CRP = 98; Energy cane = 150; All biomass types = 361). (Idaho National Laboratory (INL), 2016).
(Source: Bioenergy Feedstock Library).

Particle Size and Bulk Density

Particle size and density are important specifications for both biochemical and
thermochemical conversion pathways. Also, both these parameters influence the feeding,
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handling, storage and transportation (Tumuluru et al., 2011a). Preprocessing operations like
size reduction, drying, and densification will help to meet the desired specifications in terms
of moisture content, particle size and bulk density. In general, hammer mills are suitable for
low mositure biomass whereas shear mills are used for high mositure biomass feedstocks. The
desired particle size is dependent on both the conversion pathway and the reactor design. The
particle size desirable for most of the thermochemical applications like gasification and
pyrolysis is 2 mm (Bridgwater, 1999; Jones et al., 2009), whereas the particle size can vary
from 6 to 75 mm in the case of biochemical conversion. In general, ground biomass has lower
bulk density of 50-80 kg/m3 (Tumuluru et al., 2014a) which is a major limitation for
transporting it longer distance. Densification helps to overcome low bulk density limitations
and improves the transportation efficiencies (Tumuluru et al., 2011a). In general, densifying
biomass using a pellet mill increases the bulk density of the ground biomass by about 10
times. Yancey et al. (2013) indicated that while the energy input to preprocess and densify the
feedstock is significant, the energy value of the pellet far outweighs the cost of creating it.
There are different densification systems which can be used for making biomass into a
commodity like product (Tumuluru et al., 2011a). Table 3 indicates some of the commonly
used densification systems, operating and product characteristics and their suitability for
conversion applications (Tumuluru et al., 2011a). These products have better handling,
storage and transportation characteristics.

Table 3. Densification systems, operating conditions, product properties and their
suitability for conversion pathway

Pellet mill Piston press Cuber Screw press
Operating characteristics
Optimum moisture content of 10-15 10-15 15-25 4-8
the raw material (%)
Particle size requirements (mm) <3 6-12 12-16 2-6
Addition of binder Not required Not required Required Not required
Wear of contact parts High Low Low High
Output from machine Continuous In strokes Continuous Continuous
Specific energy consumption 16.4-74.5 37.4-17 28-75 36.8-150
(kWh/ton)
Through puts (ton/hr) 5 25 5 0.5-1
Maintenance High Low Low Low
Physical properties
Unit density (g/cm3) 1.1-1.2 <0.1 0.8 1-14
Bulk density (g/cm3) 0.65-0.75 0.4-0.5 0.45-0.55 0.5-0.6
Homogeneity of densified Homogeneous Not Not Homogenous
biomass homogenous homogeneous
Suitability for conversion pathway
Combustion performance Very good Moderate No information  Very good
Carbonization of charcoal Not possible Not possible Not possible Makes good

charcoal

Suitability in gasifiers Suitable Suitable Suitable Suitable
Suitability for cofiring Suitable Suitable Suitable Suitable
Suitability for biochemical Suitable Suitable Suitable Not suitable
conversion

Complimentary Contributor Copy



12 Jaya Shankar Tumuluru, Erin Searcy, Kevin L. Kenney et al.

SUPPLY SYSTEM UNIT OPERATIONS IMPACT
ON MOISTURE AND QUALITY

Harvesting and Storage

Moisture

Factors impacting feedstock moisture include: harvest timing, age (particularly in the
case of trees), type of biomass, the region where it is grown, water availability, and irrigation
practices (Kenney et al., 2013a). According to Gamble et al. (2014) harvest date affect the
biomass yield, moisture content and mineral concentration of switchgrass and mixed grasses.
According to these authors, biomass moisture content was lowest in late spring averaging 156
g kg™! across all locations and years when harvested after April 1%t The same authors
indicated that biomass N concentration did not change across harvest dates; however, P and K
concentrations declined dramatically from late summer to late spring. Many herbaceous crops
are harvested at times when field drying becomes impractical (Shinners, Binversie, Muck, &
Weimer, 2007). Additionally, high moisture content (i.e., over 20% w.b.) poses challenges to
aerobic storage, whereas low moisture biomass feedstocks the dry matter losses are often less
than 7% per year (Coble & Egg, 1987; Emery & Mosier, 2012; Jirjis, 1995; Sanderson, Egg,
& Wiselogel, 1997). Degradation during storage also results in significant loss of sugars in
the biomass.

One way to reduce the impact of the variability in the moisture content of harvested
biomass is by employing best management practices, such as identifying proper harvest and
storage methods (Kenney et al., 2013a). Shinners et al. (2010) suggested that proper storage
of high-moisture biomass can reduce the dry matter losses to acceptable levels. An alternative
method is to store the material anaerobically, while this method is used for high-value animal
feed (e.g., silage where biomass is stored in poly bags under wet conditions) this storage
method is expensive and labor intensive. Moisture in the biomass can also be managed by
drying. Typically, biomass is dried in the field using passive drying methods. Passive drying
is done by leaving the harvested biomass or logs in the field to dry by evaporation or
evapotranspiration. The rate of passive drying is impacted by a variety of factors including:
the material to be dried (e.g., shape and size of pieces, wood density, and presence of leaves
and bark,) and the storage conditions (e.g., method of storage and stacking, air flow,
temperature, humidity, and precipitation). The effectiveness of passive drying of woodchips,
for example can be enhanced by covering the material (i.e., protecting it from being re-
hydrated) (Afzal, Bedane, Sokhansanj, & Mahmood, 2010), or by orienting baled herbaceous
materials to improve airflow through the stack (Smith, Bonner, Kenney, & Wendt, 2013). In
general, if the desired moisture in the biomass is below 10%, then active drying is necessary.
The major limitations of passive drying are: a) long drying times to reach the desired moisture
level, b) the larger foot print to dry larger volumes of materials, c) higher dry matter losses
and emission of CO; and CHa, d) limitation of the final moisture content that exceeds most of
the preprocessing (grinding and densification) requirements, and e) soil contamination which
increases the total ash content (Klavina, Zandeckis, Rochas, & Zagorskis, 2014).
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Ash

The studies conducted by various researchers indicated that ash content decreases in
forages with maturity. For example, when the harvest is delayed from fall to late winter, as a
result of environmental factors like soil type, soil chemistry, water quality, fertilization
chemistry, and the elemental composition of the soil (Adler, Sanderson, Boateng, Weimer, &
Jung, 2006; Burvall, 1997; Davidsson, Pettersson, & Nilsson, 2002; Duguid et al., 2009;
Jarchow, Liebman, Rawat, & Anex, 2012; Jorgensen, 1997; Lewandowski & Kicherer, 1997;
Lewandowski et al., 2003; Madakadze, Stewart, Peterson, Coulman, & Smith, 1999;
Sanderson & Wolf, 1995). Another important variable that impacts the ash content is the
anatomical fraction (Duguid et al., 2007). For instance, the leaves may be high in silica and
inorganic nutrients such as nitrate and phosphate (Lindsey, Johnson, Kim, Jackson, & Labbe,
2013).

Feedstock selection is one approach to ash management. For example, woody biomass
can be a suitable feedstock for the thermochemical conversion process where the conversion
is sensitive to the amount of ash content in the biomass. Mechanical separation of the leaves
and other anatomical fractions that carry most of the ash from the herbaceous biomass can
make it suitable for the thermochemical conversion pathway. For instance, the ash content of
the corn stover is about 2.3 times that of cobs (see Table 2). Harvesting selected parts of the
crop can be cost-intensive, but can help to produce feedstock lower in ash.

Modifying harvest and collection operations can significantly reduce ash intake. For
example, when comparing ground-driven wheel-rake windrowing to mechanical bar-rake
windrowing, the weighted mean ash content is extremely elevated at 28.2%, which is 10%
greater than the bar-rake (Bonner et al., 2014). The harvesting results using different
equipment indicated that the practice of windrowing with a wheel rake has a heavy negative
impact on soil entrainment in corn stover bales as a result of its intense ground contact and
incorporation of soil-laden root crowns. The use of a wheel rake is not recommended unless
changes in equipment operation can reduce soil disturbance (Bonner et al., 2014). The shred-
flail treatment showed the most dramatic impact on bale ash content compared to the bar-
rake. More than 66% of the samples collected were below 11.5% ash, and 95% were below
21.5% ash. This impressive shift in sample distribution resulted in a weighted mean ash
content of 11.5%. This study indicated that the removal of a raking step by shredding reduces
ground contact and soil entrainment in the windrowed material. Of the conditions tested, the
shred-flail combination provided the most desirable results and is recommended in similar
soil conditions, where soil contamination is a primary concern.

Bonner et al. (2014) also indicated the ash content varies considerably across and within
locations/fields, equipment used, and harvest yield. The bar rake with a baler resulted in the
lowest ash content of 7.2%, but yielded an average ash content of 11.3% across the ten fields
harvested, with a maximum ash of 15.6%. The other conditions that influence the variability
in the ash composition are field conditions (soil type, moisture content and previous crop) or
collection settings (degree of soil disturbance). Similar observations were seen in other fields
where the equipment combination (rotary rake and self-propelled baler) influenced the ash
content. The ash content ranged from 9.5% to 22.3%. This study indicated that selection of
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the right equipment has an impact on the ash content of the harvested biomass. Studies
conducted by Bonner (2016) on three windrowing systems (bar rake, wheel rake, and flail
shredder) indicted that the ash content also escalates with increasing the collection rate, which
is influenced by the speed of the tractor and amount of material collected (Table 4). Results
from multi-pass corn stover bales from Palo Alto County, lowa (2014) that were harvested
from 10 different fields using either 2-pass (material other than grain or “MOG) or bar rakes
to form windrows showed that the average ash content ranged from 3.9% to 8.2%; values for
individual bales ranged from 2.8% to 18.5%. These results highlight the range of variation
within an individual field for a particular collection method (Figure 5)

Single-pass harvesting results in less soil contact by the stover and the harvesting
equipment, and therefore, lower total ash content (Table 5). Table 5 compares the two - and
single-pass harvesting conducted using commercially-available harvesting equipment. The
results indicate there is nearly 10% more ash in two-pass bales than in single-pass bales of the
same year, highlighting the negative impacts of ground contact in the process of stover
collection. Nonetheless, compared to traditional multi-pass bales, two-pass bales have less ash
content. Even though the ash content of the bales is less in single-pass bales, the bales
harvested by this method are higher in moisture content. Single-pass harvesting relies on
baling directly behind the combine during grain harvest, when stover moisture contents may
exceed 45% (Shinners, Huenink, Muck, & Albrecht, 2009; Shinners, Wepner, Muck, &
Weimer, 2011). The material harvested by this method needs to be stored properly in order to
reduce the dry matter losses resulting from microbial and fungal growth. However, multi-pass
or two-pass harvest provides the opportunity for in-field drying, which reduces potential for
biological degradation.

In addition to introduced ash, the other category of ash is anatomical. According to
Jorgensen (1997), Madakadze et al. (1999), and Sanderson & Wolf (1995), anatomical ash
content in herbaceous biomass decreases with maturity. This delay in the harvest can help
reduce the ash content. Some of the environmental factors that can impact the ash
composition are: soil type, soil water chemistry, and fertilization rate (Davidsson et al., 2002;
Duguid et al., 2007; Jarchow et al., 2012; Lewandowski et al., 2003). Johnson & Gresham
(2013) in their studies indicated that harvesting time has an impact on the elemental
composition of biomass. Their studies indicated that N, P, K and S declined from July/August
to October/ November for switchgrass.

Table 4. Multi-pass corn stover collected from Nebraska in 2010, focusing on residue
removal rates (Smith, 2015)

Windrower Removal % Ash
Bar rake Low 12.9
Bar rake High 145
Wheel rake Low 8.8
Wheel rake High 115
Flail shredder Low 8.1
Flail shredder High 9.3
Flail shredder High 10.9
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Figure 5. Impact of within-field conditions and harvesting method on the ash content of the harvested
biomass (Smith, 2015).

Table 5. Mean ash content of single- and two-pass corn stover (Standard deviation in
parenthesis) (Smith, 2015)

Location Year Collection Method % Ash
Palo Alto County, 1A 2009 Single-Pass 2.5(0.1)
Palo Alto County, 1A 2010 Single-Pass 3.5(0.4)
Palo Alto County, 1A 2010 Single-Pass 3.5(0.4)
Stevens County, KS 2011 Single-Pass 3.8(0.5)
Texas County, OK 2011 Single-Pass 4.0 (0.3)
Palo Alto County, 1A 2010 Two-Pass 13.3 (4.5)
Carbohydrates

One of the factors that greatly impact the carbohydrate content of the biomass is the
harvesting period. According to Kenney et al. (2013a), seasonal time of harvest, as well as the
specific machinery used to harvest biomass, has a great impact on the carbohydrate content of
the biomass. Adler et al. (2006) also indicated that the carbohydrate content of the
switchgrass between fall and spring influences the structural carbohydrates. The switchgrass
harvested in spring has higher structural carbohydrates due to leaching of soluble components
like simple sugars, inorganic nutrients, proteins, and organic acids during the winter season.
The other seasonal factor that can influence carbohydrate content is the loss of some of the
plant’s anatomical fractions, resulting in less capability to withstand weather changes. The
loss of leaves, husks, and upper stalks in corn stover (Shinners et al., 2007) and the loss of
seed in switchgrass (Adler et al., 2006) during delayed harvesting resulted in quick drying of
the biomass, making it brittle and susceptible to physical damage (bent or broken stems). The
delay in harvest from spring to fall resulted in a reduction in the starch content of both the
biomasses.

Complimentary Contributor Copy



16 Jaya Shankar Tumuluru, Erin Searcy, Kevin L. Kenney et al.

Prewitt et al. (2007) indicated that harvesting machinery has an impact on the
carbohydrate content of the biomass. For example, a wheel rake, which operates as a result of
ground contact, collects more cobs than a bar rake or a flail shredder, which do not normally
contact the ground. A mower, such as a flail shredder, collects lower stalk material where
rakes usually do not. Dropping a windrow behind a combine or single-pass harvest both
collect more corn cobs over systems that utilize a rake or flail shredder. Pordesimo, Hames,
Sokhansanj, & Edens (2005) and Duguid et al. (2007) observed that different proportions of
glucan and xylan among stalk, leaf, and husk fractions have different carbohydrate content.
Prewitt et al. (2007); Hoskinson, Karlen, Birrell, Radtke, & Wilhelm, (2007); Karlen, Birell,
& Hess, (2011) indicated that harvester cut height has an impact on the total carbohydrate
content available in the biomass. The studies conducted by Hoskinson et al. (2007) and
Karlen et al. (2011) indicated that single-pass harvesting differentiated by cut height resulted
in different concentrations of glucan and xylan content. The glucan content increased with a
higher amount of lower stalk, and xylan increased with higher amounts of cob and husk
fractions.

Templeton, Sluiter, Hayward, Hames, & Thomas (2009) indicated that normalizing year-
to-year agronomic practices and harvesting strategies can help to maintain consistent
composition in biomass. Kenney et al. (2013a) suggested that best management practices
along with the right selection of harvest time and storage systems can help to preserve the
biomass quality and can result in consistent carbohydrate content. Moisture content of plants
during harvest and during storage has a great impact on the carbohydrate content of the
biomass. Management of moisture is critical for preserving the carbohydrate content (Darr &
Shah, 2012). Many studies have indicated that proper moisture can extend the biomass shelf
life, maintaining carbohydrate content, and reduce formation of soluble sugars and organic
acids. In their review on biomass variability, Kenney et al. (2013a) indicated that baled
feedstock stored outdoors is most susceptible to dry matter loss. This does not happen
uniformly. It is more likely to occur within regions of the bale that retain water over time such
as, directly under tarps or in contact with the soil. This results in reduced carbohydrates and
relative increase in lignin content in the biomass. Shah, Darr, Webster, & Hoffman (2001)
and Shinners et al. (2010) showed increased lignin and cellulose fractions and decreased
hemicellulose fraction in corn stover and switchgrass. The results of dry matter loss in baled
corn stover can be contributed to the decrease in xylan content in the remaining biomass.

Recent studies by Wendt (2015) on switchgrass harvested at low moisture (13%, wet
basis) and stored uncovered and exposed to local weather conditions for 18 months had a
0.6% decrease in reactivity (fraction of glucan and xylan released in conversion) per every
1% dry matter loss suffered in storage, up to a 26.5% reduction in reactivity at 44% dry
matter loss (Figure 6). These results indicate that moisture management (i.e., tarping) during
outdoor switchgrass storage is critical to preserve dry matter and convertibility. The study
results further indicated that the relationship between reactivity and dry matter loss in
corn stover is different than switchgrass, and wet-harvested corn stover requires lower
pretreatment severity for sugar conversion, which could favor single-pass harvesting.
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Figure 6. Conversion reactivity loss (fraction of glucan and xylan originally present in biomass
feedstock released as glucose or xylose) due to dry matter losses during storage (Wendt, 2015).

Biomass Preprocessing

Biomass preprocessing includes size reduction, drying and densification. Size reduction
and densification are the mechanical preprocessing operations used to make biomass meet the
specifications needed for conversion applications. Drying is thermal pretreatment technique
which is typically used to make biomass aerobically stable.

Size Reduction

Size reduction is required to meet the particle size specifications for the conversion
process. In the case of high-moisture biomass, drying may also be needed (e.g., using a rotary
drier prior to milling). Drying not only stabilizes the biomass for storage, but increases the
efficiency of the grinders. Particle size, distribution, and shape play major roles in feeding
biomass into reactors. In general, herbaceous biomass is transported in bales to biorefineries
or satellite storage points. The biomass received is stored in storage yards, and is further
processed to create a flowable format for feeding the biorefineries. The biomass is size
reduced to a particle size of less than <1 inch typically using hammer mills. This reduced size
allows the biomass to be fed to the bioreactors or biochemical conversion processes in a more
flowable format and at a particle most effective for the conversion process. In the case of
thermochemical conversion like pyrolysis and gasification, the particle size of the finely
ground biomass plays a major role, because it controls the reaction kinetics (Dibble, Shatova,
Jorgenson, & Stickel, 2011; van Walsum et al., 1996). Grinding or milling the biomass from
its harvested condition to the size required by the conversion process is typically the most
costly part of the conversion process. Several factors, such as moisture, screen size, crop type,
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and harvest method, influence the energy required to grind the biomass from its field
condition to the format suitable for the conversion process. Table 6 indicate how hammer mill
screen size in the range of 19.05-31.75 mm impact the grinding energy in a laboratory scale
hammer mill (Tumuluru et al., 2014a). Both the screen size and type of the feedstock has an
influence on the grinding energy. Bigger screen sizes resulted in lower specific energy
consumption. In the case of canola straws, it consumed the least energy whereas oat straws
consumed the maximum.

Table 6. Specific energy consumption for chopping and grinding of agricultural straws
(n = 3) (Tumuluru et al., 2014a) Grinding energy (kWht")

Agricultural straw Hammer mill/ Hammer mill/ Hammer mill/
31.7 5mm screen 25.40 mm screen 19.05 mm screen

Mean SD Mean SD Mean SD
Barley 1.702 0.23 2.99° 0.56 3.232 0.42
Wheat 2.05a 0.25 3.102 0.34 3.522 0.13
Canola 1.46° 0.56 1.47° 039 20918 0.44
Oat 5.68° 0.19 7.51¢ 0.33 8.05° 0.37

Different scripts in the table indicate that the means are statistically significant based on the Holms-
Sidak method and a significance level of 0.05 and ‘n’ indicates the number of samples.

In general, the ground material has a variety of size fractions including, fine, medium
and coarse particles. The fines generated in the grinding process have a higher amount of ash
and soil, which erodes conveying and handling systems and has negative effects on most
conversion processes. Material handling also creates fines (Bell, 2005). The general
consensus of many industrial partners is that fines in the ground material limit the success of
downstream processes. In addition, ash content is a concern in most processes, decreasing the
value of the preprocessed feedstock. The ash content of the ground biomass is typically
highest in the fines. Therefore, removal of the fines would create a more beneficial product
from a particle size standpoint, and would result in a reduction in the ash content. Studies on
the concentration of ash base on the particle size of ground corn stover in two stage in
grinding test conducted, indicated that concentration of ash in the fines, less than 600 microns
can be as much as 70%, while the concentration of ash in the fraction greater than 3 mm was
only 2.5%. In addition, the larger particles can be problematic as they are less flowable and
may cause plugging issues in the conveyance, handling and processing system.

Bale moisture content and screen size of the grinder has a great impact on the particle
size distribution of ground biomass. Biomass bale moisture not only impacts particle size
distribution, but also the grinding energy and throughput of the grinder. Experiments were
conducted using the prototype horizontal hammermill bale grinder (BG480E, Vermeer
Cooperation, USA) associated with the Biomass Feedstock National User Facility at ldaho
National Laboratory to determine effect of bale moisture content, harvest method and screen
size on the energy consumption, and particle size distribution. The BG-480E grinder uses two
200 HP electric motors to drive two grinding drums with 96 swinging hammers on each
drum. The corn stover tested was harvested in the fall of 2014, and delivered to the INL for
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testing in January of 2015. The material was harvested using single and multi-pass (stover
cut, windrowed in the field, and baled) harvest methods from Palo Alto County lowa. The
bale moisture was in the range of 8-15% (w.b.). Testing was conducted using the User
Facility stage 1 bale grinder fitted with 1 inch- screen. The results indicated that single pass
bales required an average grinding energy of 18-24 kWhr/dry ton, whereas multi-pass
required about 22-38 kWhr/dry ton.

Grinding tests were further conducted using the multi-pass harvested corn stover bales to
understand the effect of screen size and bale moisture on the grinding energy, and mean
particle size of the ground biomass. Biomass bale moisture not only impacts particle size
distribution, but also the grinding energy and throughput of the grinder. To determine the
effect of moisture on grinding energy, the moisture was plotted against grinding energy
(kwWh/dry ton), as shown in Figure 7. The figure shows that increasing moisture contents
resulted in an increase in energy consumption, whereas increasing the screen size reduced the
grinding energy. Feedstock moisture content and screen size have impact on the average
mean particle size of the grind (Figure 8). The results indicate that there is an interactive
effect between biomass bale moisture content, screen size on the grinding energy, and mean
particle size. The other variable which can have an impact on the particle size and grinding
energy is the feed rate of the grinder. Yancey et al. (2013) indicated that particle size is also
dependent on the feed rate.

30.0 -
¢ 2" Grind L 2
25.0 - I3"Grind

20.0
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10.0 -

Grinding Energy (kWhr/dry ton)

0-0 T T T T T 1
0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0%
Moisture (% w.b.)

Figure 7. Effect of screen size and moisture content on the grinding energy (Idaho National Laboratory
(INL), 2016a) (Source: Biomass National User Facility, Idaho National Laboratory, Idaho Falls, ID).
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Figure 8. Effect of screen size and moisture content on the particle size (Idaho National Laboratory
(INL), 2016a) (Source: Biomass National User Facility, Idaho National Laboratory, Idaho Falls, ID).

Drying

To make biomass aerobically stable and to dry large quantities of biomass, active drying
methods are employed. Active drying is needed to remove the moisture that is more tightly
bound to biomass (moisture which may be caught in capillaries, fibers or held onto via
chemical reactions). Active drying involves using some kind of dryer and consumes energy
such as, natural gas or electricity. Active drying is carried out using industrial dryers for
higher volume drying. A rotary dryer is typically used for drying large quantities of biomass
(Figure 9). Drying tests conducted at the INL Biomass Feedstock National User Facility
utilized the Balker Rullman SD 75-22 Rotary Direr. According to Yancey et al. (2013)
herbaceous biomass takes less energy compared to woody biomass. Typical consumption of
drying energy for woody biomass are in the range 340-400 kWhr/ton, whereas herbaceous
biomasses are in the range of 200-300 kWhr/ton. Lamers et al. (2015) indicated that drying of
biomass using rotary dryer takes about $15/dry ton, whereas pelleting takes about $7.82/dry
ton. Among the preprocessing unit operations, drying is the most energy intensive operation.
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Figure 9. Rotary dryer used in biomass industry (Idaho National Laboratory (INL), 2016a) (Source:
Biomass National User Facility, Idaho National Laboratory, ldaho Falls, ID).

When compared to active drying, passive drying is generally less expensive, requires less
equipment, and requires less external energy input. However, it is slower and is dependent on
climatological conditions which change annually and cannot be predicted ahead of time.
Much of the free water in the biomass can be removed by passive drying, which can be used
to achieve a moisture content of 25-30% (w.b.) depending on the equilibrium moisture
content of the material in the ambient storage conditions. This final moisture content may be
suitable for combustion application, but for other thermochemical applications like pyrolysis
and gasification, a lower moisture content of 5-15% (w.b.) (Jahirul, Rasul, Chowdhury, &
Ashwath, 2012) is desirable and is generally achieved by active drying. In active drying,
external heat is provided to the biomass to speed the drying process. Typically, the
temperatures that are used in active drying are about 160-180°C and rotary dryers are
commonly used for this operation. However, the challenge in using commercial dryers is the
cost. Energy analysis of grinding, drying, and pelleting indicated that drying takes about 65-
70% of the total energy (Tumuluru, Cafferty, & Kenney, 2014b). Another major disadvantage
of high temperature drying is emission of volatile organic compounds (VOCs) which can lead
to environmental issues (Tumuluru, 2014; Tumuluru, 2015). Currently, low temperature
drying methods are gaining importance in Europe to avoid high drying costs and
environmental issues. One example, is forced air convective method where lower drying
temperatures in the range of 60-80°C and low air flow rates are used for drying of biomass
materials. Some of the examples of forced air convective dryers are cabinet dryers, grain and
belt dryers. The major advantages of these dryers are they operate at lower temperature and
are not capital intensive (Lamers et al., 2015). The other major advantage of low temperature
methods are: a) greater efficiency, b) reduced fire hazard, ¢) does not need high quality heat,

Complimentary Contributor Copy



22 Jaya Shankar Tumuluru, Erin Searcy, Kevin L. Kenney et al.

d) reduced volatile organic compound (VOC) emissions, €) reduced particulate emissions,
and f) does not agglomerate high clay or sticky biomass (Tumuluru, Conner, & Hoover, 2016;
Tumuluru, 2016).

Densification

A major limitation of ground agricultural biomass is its low bulk density resulting in
lower bin density and transportation efficiencies. Some of the densification systems like
baling, pelleting, and briquetting help to increase the bulk density and make biomass easier to
handle and transport. Densifying the biomass after grinding can help to reduce handling,
storage, and transportation problems and improves the flow characteristics. Densification of
biomass by pellet mill increases the bulk density by about 5-10 times compared to ground
biomass (Tumuluru et al., 2011a). Typically, the ground herbaceous biomass has a density of
about 80-150 kg/m? (Table 7) (Tumuluru et al., 2014a; Yancey et al., 2013). The bulk, tapped
and particle density of the ground biomass changes with screen size selected (Tumuluru et al.,
2014a). Table 8 indicated how the flow indices like Carr index and Hausner ratio are
influenced by the hammer mill screen size. In case of wood pellets the Hausner ratio and Carr
Index calculated based on the tapped and bulk density values provided by Tumuluru et al.,
2010 is 1.09 and 8.40. Recommend Hausner ratio for free flowing is <1.25 and Carr index
should be between 5-15 and 1-16 for excellent and good flow properties. Carr index values of
>23 indicates poor flow properties (Tumuluru et al., 2014a). It is very clear from the data that
pellets have higher flow characteristics compared to ground biomass.

Table 7. Bulk, tapped and particle density of chopped and ground agricultural straws
(n =3) (Tumuluru et al., 2014a)

Agricultural straw  Hammer mill/31.75 mm Hammer Hammer

screen mill/25.40 mm mill/19.05 mm

screen screen

Bulk density (kg/ms)

Mean SD Mean SD Mean SD
Barley 48.542 3.45 64.9° 3.56 67.2°  2.34
Wheat 49.68% 2.11 58.8%° 290 58.28  3.12
Canola 67.15° 1.88 73.6° 2.29 80.4°  3.09
Oat 54.35? 2.01 53.5° 2.39 58.3* 287

Tapped density (kg/ms)
Barley 65.052 3.23 99.4° 3.89 101° 3.45
Wheat 59.39° 2.01 80.72 2.87 88.22 3.05
Canola 79.66° 1.97 113¢ 2.39 119¢ 3.89
Oat 68.942 2.36 85.12 2.77 90.62 3.07
Barley 817.52 16.4 869.5°  19.2 873.6° 20.1
Wheat 663.2° 10.2 709.08  12.78  781.4° 156
Canola 818.22 9.9 969.4¢ 122 1219.7¢ 17.3
Oat 620.9° 8.9 71422 121 839.3¢ 189

Different superscripts indicate the means are statistically significant based on the Holms-Sidak method
and a significance level of 0.05 and ‘n’ indicates the number of samples.
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Table 8. Hausner ratio and Carr index of chopped and ground agricultural straws

(Tumuluru et al., 2014a)
Hausner ratio
Straw Hammer mill/31.75 mm  Hammer mill/25.4 mm Hammer mill/19.05 mm
screen screen screen
Oat 1.27 1.59 1.55
Barley 1.34 1.53 1.50
Canola 1.19 1.53 1.48
Wheat 1.19 1.37 1.52
Carr Index
Hammer mill/31.75 mm  Hammer mill/25.4 mm Hammer mill/19.05 mm
screen screen screen
Oat 21.16 37.13 35.65
Barley 25.38 34.71 33.46
Canola 15.70 34.87 32.44
Wheat 16.35 27.14 34.01

Note: 6 mm diameter wood pellets have Hausner ratio and Carr index of 1.09 and 8.40 (calculated
based on bulk and tapped density data provided by Tumuluru et al., 2010).

Densifying the biomass using the densification systems indicated in Table 3 increases the
bulk density. Pellets produced using pellet mill are commonly used for bioenergy
applications. Typically, the bulk density of pellets is in the range of 700-750 kg/m?3
(Tumuluru et al., 2010; Yancey et al., 2013). Also, once the material is densified, it can be
handled easily with the conveying and handling systems that are typically used in grain-
processing industries. Figure 10 indicates the density comparison of bales, grounds and
pellets. Figure 11 indicates the durability values of the woody, herbaceous and formulated
pellets. Durability of the pellets is defined as the ability of the pellets to withstand the
frictional and impact resistances (Tumuluru et al., 2011a). The higher the durability values the
greater is the integrity of the pellets during handling, storage and transport. Another
interesting outcome of this research was that the hardwood pellets, which have lower
durability values and higher drying energy, when blended with corn stover, switchgrass, and
lodgepole pine resulted in higher durability values of >97.5 and reduced grinding and drying
energies (Yancey et al., 2013). Briquetting of biomass is another option to increase the bulk
density of the ground biomass (Table 6). The major advantage of briquette is that it requires
larger particle sizes which results in lower energy consumption during the grinding process
(Tumuluru, Tabil, Song, Iroba, & Meda, 2015). The typical bulk density and durability of the
briquettes produced using woody and herbaceous biomass for material ground using hammer
mill fitted with different screens is given in Figures 12 and 13.

Additionally, pellets and briquettes when crumbled resulted in higher particle density and
uniform particle size with fewer fines making biomass more suitable for thermochemical
conversion pathway. Laboratory studies conducted on performance of pellets for both
biochemical and thermochemical conversion pathways indicated that pellets perform better
compared to ground biomass (Ray et al., 2013; Rijal, Igathinathane, Karki, Yu, & Pryor,

Complimentary Contributor Copy



24 Jaya Shankar Tumuluru, Erin Searcy, Kevin L. Kenney et al.

2012; Yang et al., 2014). Currently most of the wood pellets produced at commercial scale
are used for biopower generation (Tumuluru et al., 2010).
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Figure 10. Bulk density of raw, ground and pelleted woody and herbaceous (Yancey et al., 2013).

100 +

Q8
a7
96
95 A
G4
93
Q2 T T

Corn Stover Switchgrass Lodgepole Eucalyptus 4 Crop Mix

Pellet Durability (%)

Figure 11. Durability of herbaceous, woody and formulated biomass pellets (Yancey et al., 2013).
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Figure 12. Bulk density of woody and herbaceous biomass briquettes (Tumuluru, Dansie, Johnson, &
Conner, 2015b).
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Figure 13. Durability rating of different woody and herbaceous biomass briquettes (Tumuluru et al.,
2015b).
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ADVANCED PREPROCESSING TECHNIQUES
TO IMPROVE BIOMASS QUALITY

In general, the raw biomass physical properties (lower mass density, high-moisture
content, irregular size and shape, and hydrophilic in nature), chemical properties (low carbon
and high hydrogen, oxygen, and volatiles), and energy properties (high hydrogen/carbon and
oxygen/carbon ratios, and lower heating values) do not make them suitable for
thermochemical applications like gasification, pyrolysis, and cofiring (Tumuluru et al.,
2015b). Tumuluru et al. (2012) in their review it was indicated that raw biomass physical
properties and chemical composition do not make them suitable for co-firing higher
percentages with coal. The authors stated that boiler inefficiency due to higher moisture and
volatiles and lower energy content of the biomass fuels, as compared to coal is a major
limitation to cofiring higher percentages of biomass with coal. The shortcoming of
lignocellulosic biomass in terms of physical and chemical properties can be overcome by
thermal pretreatments. Currently, thermal (dry torrefaction, hydrothermal carbonization,
steam explosion, and ionic treatment) and chemical (acid, alkali, and ammonia fiber
expansion (AFEX)) treatment techniques are being investigated to improve the biomass
quality for both thermochemical and biochemical conversion applications (Karki et al., 2015;
Lynam, Reza, Vasquez, & Coronella, 2012; Reza, Lynam, Uddin, & Coronella, 2013; Singh
et al., 2015; Tumuluru et al., 2012; Tumuluru, Sokhansanj, Hess, Wright, & Boardman,
2011b; Tumuluru et al., 2011a). Sarkar et al. (2014) and Yang et al. (2014) have successfully
used torrefied and torrefied-densified switchgrass for gasification and pyrolysis application.
Their results indicated that syngas quality and bio-oil quality were better compared to
products produced with raw biomass. In case of biochemical conversion, chemical
pretreatments (acid, alkali and ammonia fiber explosion) and further densification helps to
increase the conversion performance (Hoover, Tumuluru, Teymouri, Moore, & Gresham, 2014).

The unit operations like grinding, drying, thermal and chemical treatments and
densification are energy intensive. However, the advantages of performing these unit
operations need to be quantified in terms of reducing the transportation, storage, and handling
costs, and increasing the conversion performance. Kenney et al. (2013a) suggested that there
are two approaches to solving handling problems. One is to engineer the equipment to suit the
biomass material properties. The second approach is to perform preprocessing operations on
the biomass to make it suitable for the existing commercial conveying, storage, and handling
equipment. In the present day, the first approach is more common compared to the second,
but it is advantageous to use both approaches to reduce the many storage, handling, and
conveying problems and to improve the conversion performance and to produce high quality
bioenergy products.

DiscussiON

Biomass feedstock quality attributes profoundly impact biofuels production. The main
quality attributes that affect biofuels production are moisture, ash, carbohydrates, particle
size, and density. In the case of the thermochemical conversion pathway, ash is targeted to be
less than 1%, whereas in the case of the biochemical conversion pathway, maximum

Complimentary Contributor Copy



Impact of Feedstock Supply Systems Unit Operations on Feedstock Cost ... 27

carbohydrates are desirable to ensure economical product yields. Particle size influences
the reaction kinetics of biomass during conversion, whereas the density influences the
transportation and handling logistics. Based on the current analysis, it can be concluded that
the harvesting methods used impact ash composition and carbohydrate content in the
biomass. Single-pass harvest results in lower ash content, but higher moisture content in the
harvested biomass. Storage is another important variable that can influence dry matter loss in
biomass. Storing higher-moisture biomass for longer periods results in dry matter loss and, in
turn, decreases the carbohydrate and energy content in the biomass.

Ash in the biomass is influenced by the harvesting and preprocessing methods. Recent
study by researchers has indicated that separating the biomass of certain component in the
biomass can reduce the total ash content in the biomass. Separating the leaves from the
biomass using air classification methods can reduce the ash composition of the recovered
biomass. Lacey, Aston, Westover, Cherry, & Thompson (2015) in their studies on removal of
introduced inorganic ash content from chipped forest biomass using air classification, found
that the ash concentrations are highest in the lightest fractions (5.8-8.5 wt%) and in a heavy
fraction of the fines (8.9-15.1 wt%). They found that high inorganic content fractions were
about 7 wt % of the total biomass, but they had greater than 40% of the ash content by mass.
Alternatively the fines can be separated during the grinding process to selectively remove the
fines which contain a higher percentage of ash. Ash content in biomass is also dependent on
the harvesting methods, harvesting time, sampling rate, sampling location, environmental
variables, and storage conditions.

Other methods of reducing the ash content of the harvested biomass include washing,
leaching, and acid or alkali pretreatment. Washing and leaching help to remove most of the
soil contamination, whereas acid or alkali pretreatment will help to remove the anatomical ash
content. Das et al. (2004) reported on the effectiveness of a dilute hydrofluoric acid
pretreatment for reducing ash concentrations in sugarcane bagasse from 2% (dry mass) to less
than 0.05%. The method was shown to be very effective for removing ash and provided the
baseline for Das et al.’s study of other ash removal methods. The major limitation of using the
additional preprocessing steps can be the associated equipment and chemical costs. The
additional cost with this preprocessing can be offset by reducing the operational cost of the
biorefineries, because these pretreatments can result in less maintenance (reduce wear and
tear of the handling systems due to erosion) of the machinery in the biorefineries. One way to
reduce the impact of ash on the thermochemical conversion process is by mechanical
separation of various biomass components like leaves, stalk etc. In general, leaves have
higher ash content compared to other biomass components. The data presented will help the
farmers to identify the harvesting periods and suitable environmental conditions that can
result in lower ash content in the biomass which will result by providing the biorefineries
suitable material for maximizing the conversion efficiencies.

Carbohydrates content in the biomass is influenced by the harvesting and storage
methods introduced. Another alternative to improve the biomasses having fewer
carbohydrates is blending or formulating the different feedstocks. Blending is widely used in
the livestock feed industry to make up the protein, carbohydrates, or fats in the feed
constituents. In the thermal power industry, different coals are mixed to maintain the
specification desired for the boilers. Tumuluru et al. (2012) suggested that biomass can be
formulated with coal to improve the specifications to co-fire in coal-fired power plants.
Formulation can be a good alternative to make up the lost biomass consistent during
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harvesting and storage. According to Betancur & Pereira (2010), low-carbohydrate biomasses
can be mixed with biomasses that are high in carbohydrates to meet the desired specifications.
According to Kenney et al. (2013a), formulation can be implemented at a preprocessing
facility or at the throat of the reactor to meet the specification needed by the biorefineries in
terms of carbohydrates.

Preprocessing of the biomass helps to improve the particle size and density specification
needed for both biochemical and thermochemical conversion pathway. Grinding and further
pelleting of the biomass helps to reduce the storage issues (e.g., dry matter losses, storage foot
print, and feedstock recovery) and improve the transportation logistics. Improving the size-
reducing systems to handle high-moisture feedstocks is critical to reducing the preprocessing
costs. Also, the design of bulk flowable systems to handle high-moisture biomass feedstock
will be critical for efficient management of high-moisture biomass feedstock. Novel thermal
(torrefaction, hydrothermal carbonization) and chemical preprocessing (ammonia fiber
explosion, acid and alkali and ionic) techniques are being developed to modify biomass to
meet the quality specification needed for biochemical and thermochemical conversions.

CONCLUSION

The cost of biomass supplied to the biorefineries is dependent on the unit operations like
harvesting, storage and preprocessing. These unit operations also influence the biomass
quality attributes such as moisture, ash, carbohydrates, particle size, and density. Feedstock
moisture content is a critical quality attribute, impacting both cost and quality of the feedstock
and also influencing transportation costs. Factors impacting feedstock moisture include: a)
harvest timing, b) age (particularly in the case of trees), c) the type of biomass, d) the region
where it is grown, e) water availability, and f) irrigation practices. Typically, moisture in
biomass is managed in the field using passive drying methods. Ash is an inert component of
biomass, and has a larger impact on thermochemical conversion compared to biochemical
conversion. Ash content decreases in forages with maturity when the harvest is delayed from
fall to late winter. Additionally, agronomic factors play a part such as, soil type, soil
chemistry, water quality, fertilization chemistry, and the elemental composition of the soil.
Selecting the right feedstock, harvesting equipment, and preprocessing equipment also
influence the ash content in the biomass. Carbohydrate content in the lignocellulosic biomass
is important for biochemical conversion and is influenced by the harvesting equipment and
storage methods. Particle size and density of the biomass has an influence on the storage,
transportation and handling, and can be improved by size reduction and densification
methods. A major limitation of ground biomass is low bulk density and this limitation can be
overcome by mechanical densification using a pellet mill or briquette press. Finally, to
manage high volumes of high moisture biomass feedstocks, active drying methods may need
to be employed to make biomass aerobically stable.
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ABSTRACT

Lignocellulosic biomass has been introduced as a promising resource for alternative
fuels and chemicals because of its abundance and complement for petroleum resources.
Biomass is a complex biopolymer and its compositional and structural characteristics
largely vary depending on its species as well as growth environments. Because of
complexity and variety of biomass, understanding its physicochemical characteristics is a
key for effective biomass utilization. Characterization of biomass does not only provide
critical information of biomass during pretreatment and bioconversion, but also give
valuable insights on how to utilize the biomass. For better understanding of biomass
characteristics, good grasp and proper selection of analytical methods are necessary. This
chapter introduces existing analytical approaches that are widely employed for biomass
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characterization during biomass pretreatment and conversion process. Diverse analytical
methods using Fourier transform infrared (FTIR) spectroscopy, gel permeation
chromatography (GPC), and nuclear magnetic resonance (NMR) spectroscopy for
biomass characterization are reviewed. In addition, biomass accessibility methods by
analyzing surface properties of biomass are also highlighted in this chapter.

Keywords: biomass characterization, pretreatment, structures, accessibility, NMR

1. INTRODUCTION

The production of biofuels and biobased chemicals/materials from lignocellulosic
biomass is a global research theme and has garnered extensive interest worldwide. The
biological route to produce biofuels from lignocellulosic materials usually involves three
steps: biomass pretreatment, enzymatic hydrolysis of pretreated biomass, and fermentation
of simple sugars to biofuels (Ragauskas et al., 2006; Yang & Wyman, 2008). The purpose
of pretreatment is to alter biomass structures thus reducing its recalcitrance which is an
inherent property of biomass due to the structural complexity of plant cell walls (Pu, Hu,
Huang, Davison, & Ragauskas, 2013; Pu, Hu, Huang, & Ragauskas, 2015). Extensive
research on biomass characterization has been focused on the structural characteristics
of biomass that influence recalcitrance. Equally important is to understand the effects
of pretreatment on biomass properties changes as well as how such changes affect
biomass-biocatalyst interactions during deconstruction by enzymes and microorganisms.
Such knowledge will provide fundamental information that is required to develop efficient
and cost-competitive pretreatment technologies, to improve effectiveness of biomass
deconstruction using microorganism or enzyme complexes, and to engineer feedstocks with
low recalcitrance and high productivity through genetic modification of cell wall biosynthesis
pathways (Pu, Chen, Ziebell, Davison, & Ragauskas, 2009). These demand an array of
efficient and informative analytical methods for biomass characterization. This chapter
reviews analytical methods that are frequently employed for biomass characterization
during biomass pretreatment and conversion process in a combination to yield a
comprehensive picture of physical/chemical properties of biomass, such as compositional
contents, accessibility, cellulose crystallinity/ultrastructure, cellulose and hemicellulose
degree of polymerization, and lignin molecular weights and structures. The characterization
of bulk biomass and isolated major structural components (i.e., cellulose, hemicellulose, and
lignin) are highlighted. Specifically, application of Fourier transform infrared (FTIR)
spectroscopy, gel permeation chromatography (GPC), and various solution/solid state nuclear
magnetic resonance (NMR) spectroscopy techniques on characterization of structural and
physicochemical properties of cellulose, hemicellulose and lignin are discussed.

2. CHARACTERIZATION OF BULK BIOMASS

2.1. Compositions

Lignocellulosic biomass mainly consists of cellulose, hemicellulose, lignin, pectin, ash
and extractives. Depending on plant species and/or various treatments such as pretreatment,
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enzymatic hydrolysis, and fermentation, the composition of these compounds varies. In
particular, lignin content and major sugars (i.e., glucose, xylose, arabinose, galactose, and
mannose) from carbohydrate fractions are mainly analyzed for elucidating the characteristics
of raw biomass and residual solids after treatments. The compositional profiles of raw
material and their changes during pretreatment and conversion process are basic and
important characteristics of biomass, providing key information on mechanism of biomass
recalcitrance, pretreatment efficiency, and enzymatic hydrolysis performance.

2.1.1. Sample Preparation

For keeping consistency of compositional analysis results, moisture content and particle
size of biomass should be prepared in suitable ranges. The moisture content of biomass
samples needs to be below 10% prior to any milling (Hames et al., 2008). Air-drying, drying
in a convection oven (at 45°C), or freeze-drying is a suitable method for biomass drying.
After drying, the particle size of dried biomass is controlled by various milling methods
followed by sieving. Generally, the milled biomass between 20-mesh and 80-mesh is
collected for compositional analysis. This is because the deviation to a smaller or larger
particle size results in a bias in carbohydrate and lignin contents by excessive carbohydrate
degradation or incomplete hydrolysis of polysaccharides (Hames et al., 2008). In addition,
extractives, the non-structural components in the biomass, are usually removed prior to
compositional analysis through solvent extraction. Depending on the plant species, a variety
of solvents such as water, ethanol, dichloromethane, acetone or toluene-ethanol (2:1) mixture
are used (Table 1) (Sluiter, Ruiz, Scarlata, Sluiter, & Templeton, 2005; Tappi, 2007a and
2007b). The residual solids after extraction step are dried again for carrying out compositional
analysis.

Table 1. Solvent extraction methods for biomass (Sluiter et al., 2005; Tappi, 2007b)

Biomass Solvent Soluble extractives

Waxes, fats, resins, sterols, non-volatile
hydrocarbons, low-molecular weight
carbohydrates, salts, polyphenols, fatty acids
and their ester, unsaponifiable substances

Ethanol-benzene,
Pine, oak, aspen, pulp | dichloromethane,
acetone

Corn stover, wheat
straw, hybrid poplar, Water-ethanol
pine

Inorganic material, non-structural sugars,
nitrogenous material, chlorophyll, waxes

2.1.2. Compositional Analysis

The extractive-free biomass sample is fractionated by a two-step acid hydrolysis for
analyzing structural carbohydrates and lignin (Sluiter et al., 2008b). In the first step, biomass
sample is hydrolyzed using 72% sulfuric acid at room temperature-30°C for ~1-2 h. For the
second-step, the mixture is diluted to 4% concentration of sulfuric acid, and then hydrolyzed
at 121°C using autoclave for 1 h. While carrying the second hydrolysis step, sugar standards
including glucose, xylose, galactose, arabinose, and mannose are also prepared in 4% sulfuric
acid and loaded in autoclave for correcting sugar degradation during the hydrolysis.

The hydrolysate and residual solids after two-step acid hydrolysis are separated by
filtration. Sugar compositional analysis is carried out by using high performance liquid
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chromatography (HPLC) or high performance anion exchange chromatography equipped with
pulsed amperometic detection (HPAEC-PAD). HPAEC-PAD measurement enables well
separation of sugar peaks for accurate quantification. Figure 1 shows a representative ion
chromatogram for detection of arabinose, galactose, glucose, xylose, and mannose in biomass
using HPAEC-PAD. A diluted NaOH (2.0 mM) solution was used as the mobile phase and
fucose as an internal standard.
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Figure 1. A representative ion chromatogram of sugar composition analysis using Dionex DX-500 ion
chromatography. Flow rate: 1.0 ml/min; Column: CarboPac PA20 (Dionex Inc., USA).

The liquid fraction is also used for determining acid soluble lignin (ASL) content by
using UV-Vis spectroscopy as well as acetyl content by using HPLC if necessary (Sluiter et
al., 2008b). Different types of biomass need different wavelength and absorptivity constants
for ASL measurement. Table 2 shows the absorptivity constants of ASL for selected biomass.
The calculation of ASL with these constants is as below:

UVabS X VOlfiltrate X Dilution
X
& X ODWygmpie X Pathlength

% ASL = 100

where UVaps is average UV-Vis absorbance for the sample at appropriate wavelength,
Volsirate is volume of filtrate (mL), ¢ is absorptivity of biomass at specific wavelength, and
ODWosampte is oven dry weight of sample (mg). The path length of UV-Vis cell is usually 1
cm.

Table 2. Absorptivity and recommended wavelength for acid soluble lignin analysis

(Sluiter et al., 2008b)
Biomass Wavelength (nm) Absorptivity (L/g cm)
Pine 240 12
Bagasse 240 25
Corn Stover 320 30
Poplar 240 25
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The solid acid insoluble residue (AIR) fraction from the filtration is rinsed with deionized
water, and then dried at 105°C until a constant weight. The dried residue is weighed and
placed in a muffle furnace at 575°C for 24 h to obtain the insoluble ash. The Klason lignin
content can be calculated as follows:

% Klason = % AIR — % Ash
Therefore, total lignin in the biomass is:
% Lignin = % ASL + % Klason lignin

Biomass usually contains certain amounts of moisture after subjecting to pretreatments.
For an accurate analysis of biomass composition, it is important to know the exact biomass
moisture content. Generally, the moisture content of Wiley-milled biomass samples (between
20-mesh and 80-mesh) can be measured by drying in a convection oven at 105°C or using a
moisture analyzer (Hames et al., 2008; Sluiter et al., 2008a). The oven dry weight, which is
the mathematically corrected biomass sample weight for moisture content, is used for
calculation of biomass compositional analysis. Table 3 shows compositions of several
hardwood, softwood, and grass biomass.

Table 3. Compositions (wt.%; dry basis) of various biomass (Li et al., 2010; Pan, Xie,
Yu, Lam, & Saddler, 2007; Sannigrahi, Ragauskas, & Tuskan, 2010; Xu & Tschirner,

2011; Yoo et al., 2015)
Biomass Glucan Xylan Galactan Arabinan Mannan Lignin Ash
Poplar 45.1 17.8 15 0.5 1.7 21.4 -
Corn stover 35.3 23.9 1.9 4.0 ND 19.9 -
Switchgrass 39.5 20.3 2.6 2.1 ND 2.18 4.1
Pine 454 6.3 2.0 1.3 11.8 25.1 0.3
Aspen 445 17.7 1.3 0.5 1.7 211 0.5

Note: ND: not detected; -: not reported.

2.2. FTIR Spectroscopic Analysis

Fourier transform infrared (FTIR) spectroscopy has been widely employed to perform
qualitative and quantitative study of lignocellulosic biomass (Ka¢urakova & Wilson, 2001;
Xu, Yu, Tesso, Dowell, & Wang, 2013). As a result of molecular vibration, a unique
spectrum representing the adsorption and transmission is produced when IR radiation is
passed through a sample. The main advantages of FTIR technology are non-destructive,
simple sample preparation, fast analysis, and comprehensive analysis for multi-constituents.
The infrared wavelength range is usually divided into three regions: near-infrared (12800-
4000 cmt), mid-infrared (4000-400 cm), and far-infrared (400-10 cm™). FTIR in the mid-
infrared region is a preferred technique for functional group analysis and has the advantage of
high throughput. There are two commonly used sampling tools: conventional transmission
and attenuated total reflectance (ATR). In the transmission IR spectroscopy, the IR beam
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passes through a sample and the effective path length is determined by the thickness of the
sample and its orientation to the directional plane of the IR beam. In the ATR sampling, the
IR beam hits onto a crystal of relatively higher refractive index and reflects. The reflective
beam creates an evanescent wave which projects orthogonally into the sample in intimate
contact with the ATR crystal.

FTIR can provide compositional and structural information of biomass through
absorbance bands of functional groups. The characteristic functional groups detected in
lignocellulosics are most likely consisted of hydroxyl (O-H), alkene (C=C), ester (-COO-),
aromatics (Ar), ketone (C=0), and ether (C-O-C) etc. An exemplary FTIR spectrum of
poplar is shown in Figure 2. The typical absorbance bands and assignments of functional
groups in biomass are summarized in Table 4.
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Figure 2. An exemplary FTIR spectrum of poplar.

FTIR spectroscopy has been used successfully for compositional analysis as well as
structural analysis on a variety of biomass, including wood, wheat straw, sugar cane, barley,
canola, oat, isolated hemicellulose, lignin, and cellulose (Ali, Emsley, Herman, & Heywood,
2001; Bilba & Ouensanga, 1996; Donohoe, Decker, Tucker, Himmel, & Vinzant, 2008;
Pandey, 1999; Sun, Sun, Fowler, & Baird, 2005; Sun, Xu, Sun, Fowler, & Baird, 2005;
Szymanska-Chargot, Chylinska, Kruk, & Zdunek, 2015; Tjeerdsma & Militz, 2005; Yang,
Yan, Chen, Lee, & Zheng, 2007). Coupled with chemometric tools, FTIR spectroscopic
techniques have been calibrated to predict chemical components of biomass such as lignin
content in wood and straw, carbohydrates and extractives content in straw, protein and lipids
in microbiological biomass, and pectin content in onion and rice (Pistorius, DeGrip, &
Egorova-Zachernyuk, 2009; Raiskila et al., 2007; Sene, McCann, Wilson, & Grinter, 1994;
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Tamaki & Mazza, 2011). For example, Pandey investigated the structural difference of
Klason lignin isolated from hardwood and softwood by comparing signal intensities of
guaiacyl and syringyl units in FTIR (Pandey, 1999). FTIR has also been used for
identification of cellulose type and determination of crystallinity index of cellulose (Oh et al.,
2005). In addition, FTIR was employed to determine hemicellulose and lignin removal in
steam explosion and alkaline peroxide pretreatment and compositional changes in wood
decay (Pandey & Pitman, 2003; Sun et al., 2005). Gierlinger et al. developed an in situ FTIR
technique coupled with microscopy to enhance the structural quantification of poplar wood on
enzymatic treatment (Gierlinger et al., 2008).

Table 4. Absorbance bands and assignment in FTIR spectrum of lignocellulosic
biomass. (Kubo & Kadla, 2005; Le Troedec et al., 2008; Pandey, 1999; Schwanninger,
Rodrigues, Pereira, & Hinterstoisser, 2004; Sills & Gossett, 2012; Yang et al., 2007)

Wavenumber Assignment Compounds Polymer
(cm)
3600-3000 O-H stretching (hydrogen Acid, alcohol Lignin, cellulose,
bonded) hemicellulose
2970-2860 C—H stretching Alkyl, aliphatic, Lignin, cellulose,
aromatic hemicellulose
2850 CHz symmetrical stretching | Alkyl Wax
1750 —-COO- Free ester Hemicellulose
1730-1700 C=0 stretch (unconjugated) | Ketone, carbonyl Lignin, hemicellulose
1650-1640 -OH Water Water
1632 Cc=C Benzene ring Lignin
1613-1600 C=C vibration with C=0 Aromatic skeleton Lignin
stretching
1560-1510 C=0 stretching Ketone, carbonyl Hemicellulose
1505 C=C aromatic symmetrical | Aromatic skeleton Lignin
stretching
1470-1430 O-CHs Methoxyl Lignin
1425 C—H bending Ar-H Lignin
1380 C—H bending CH Cellulose, hemicellulose,
lignin
1232 C-O-C stretching Avryl-alkyl ether Lignin
1310-1218 C-O stretching phenol Lignin
1170-1160 C-O-C asymmetrical Pyranose ring Cellulose, hemicellulose
stretching
1108 OH association C-OH Cellulose, hemicellulose
1060 C-O stretching and C-O alcohol Cellulose, hemicellulose
deformation
1035 C-0O,C=C,and C-C-O Ar,C-O Cellulose, hemicellulose,
stretching lignin
996-985 C-0 valence vibration c-O Cellulose
930, 875 c-0-C Glycosidic linkage Cellulose, hemicellulose
900-700 C-H out of plane vibration | Ar-H Lignin
700-400 C—C stretching c-C Cellulose, hemicellulose

Complimentary Contributor Copy




44 Yungiao Pu, Xianzhi Meng, Chang Geun Yoo et al.

2.3. Whole Cell Wall NMR

Nuclear magnetic resonance (NMR) is one of robust analysis methods for plant cell
walls. Diverse NMR analysis methods have been studied for biomass characterization usually
with isolated components from cell walls (Mansfield, Kim, Lu, & Ralph, 2012). Kim and
Ralph introduced a solution-state 2D NMR analysis with cell wall gels (Kim & Ralph, 2010).
This method directly swells and gels cell wall materials in DMSO-ds in a NMR tube. The
other solvent mixtures such as DMSO-ds/N-methylimidazole-ds (Yelle, Ralph, Lu, &
Hammel, 2008) and DMSO-ds/[Hpyr]Cl-ds (Jiang, Pu, Samuel, & Ragauskas, 2009) are also
applicable for cell wall dissolution. Whole cell wall dissolution does not include chemical
derivatization like an acetylation; therefore, observation of “native” cell walls is available. In
addition, information on acetylation in native cell walls can be detected by this method.

Sample preparation is an important step for whole cell wall NMR analysis. Non-
structural components need to be removed from cell walls, because signals from these
components hinder detection of signals from major cell wall components. In particular,
biomass with high extractives and protein content should be treated for extractives and
protein removal. In addition, a milling step is essential for dissolving biomass cell walls.
Milling time varies depending on biomass species, particle size, biomass loading, and mill
spinning speed. Biomass cell walls need to be sufficiently milled for successful cell wall
dissolution, but excessive milling can cause degradation to some degree of cell wall
components (Holtman, Chang, Jameel, & Kadla, 2006; Kim & Ralph, 2010). Table 5 shows
examples of ball-milling time for different biomass samples.

Table 5. Ball-milling time for various biomass and their sample loading

(Kim & Ralph, 2010)
Sample loading Pine Aspen Corn & kenaf
100 mg 1 h 20 min 40 min 25 min
200 mg 2 h 20 min 1h 10 min 45 min
300 mg 3h 20 min 1 h 40 min 1 h5min
400 mg 4 h 20 min 2 h 10 min 1 h 25 min
500 mg 5h 20 min 2 h 40 min 1 h 45 min
1lg 10 h 20 min 5h 10 min 3 h 25 min
249 20 h 20 min 10 h 10 min 6 h 45 min

Note: Ball-milling was performed at 600 rpm with zirconium dioxide vessels (50 mL) containing ZrO,
ball bearings (10 mm x10).

Ball-milled cell wall materials are directly loaded into a NMR tube, and then distributed
well in the horizontally positioned NMR tubes. DMSO-ds solvent mixture is then loaded into
NMR tubes using a syringe and the NMR tubes are sonicated for ~1-5 h until formation of
homogeneous gels in the tubes. Two-dimensional heteronuclear single quantum correlation
(HSQC) NMR experiments are mostly used for characterizing structures of whole cell wall
biomass. Figure 3 presents representative HSQC NMR spectra of whole cell wall aspen,
poplar, and switchgrass.
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(a) Aspen cell wall in DMSO-ds/pyridine-ds
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(b) Poplar and switchgrass cell wall in DMSO-ds/ HMPA-d1g
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Figure 3. HSQC NMR spectra of (a) aspen cell wall in DMSO-de/pyridine-ds (4:1); (b) poplar and
switchgrass cell wall in DMSO-de/HMPA-d1s (4:1).

Whole cell wall NMR analysis method can cover from raw biomass to process residues
without chemical modification of materials and has been used to investigate the structural
changes including linkage cleavages and compositional changes during bioconversion
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processes. Various biomass samples have been analyzed by using the whole cell wall NMR
methods. Kim and Ralph proposed the whole cell wall NMR method using DMSO-dg and
DMSO-ds/pyridine-ds mixture with pine, aspen, kenaf, and corn stover (Kim & Ralph, 2010;
Kim, Ralph, & Akiyama, 2008). Mansfield and his co-workers characterized whole plant cell
wall of poplar, pine, corn stover, and Arabidopsis and compared this method with traditional
cell wall composition analysis (Mansfield, Kim, Lu, & Ralph, 2012). Jiang and his co-
workers conducted whole cell wall analysis with poplar and switchgrass by mixture of ionic
liquid and DMSO-ds (Jiang et al., 2009). Cheng et al. characterized Miscanthus with DMSO-
ds containing [Emim]OAc (Cheng, Sorek, Zimmermann, Wemmer, & Pauly, 2013).
Recently, Yoo et al. proposed a new bi-solvent system composed of DMSO-ds and
hexamethylphosphoramide (HMPA-dig) for enhancing mobility of biomass samples and
signals of NMR spectra with poplar, switchgrass, and Douglar fir (Yoo et al., 2016). In
addition, the application of whole cell wall NMR methods has been expanded to the
pretreated materials and/or residues after diverse conversion processes such as technical
lignin and residual lignin (Samuel et al., 2011; Wen, Sun, Xue, & Sun, 2013; Yoo et al.,
2015).

2.4. Biomass Accessibility Methods

Surface properties such as surface area and porosity are two important physical properties
that could impact the quality and utility of biomass material during the process of converting
biomass to biofuels (Hinkle, Ciesielski, Gruchalla, Munch, & Donohoe, 2015). To convert
biomass to biofuels, depolymerization of cellulose is an essential step to produce simple
sugars by applying biomass degrading enzymes on pretreated biomass. The intimate contact
between cellulose and cellulase, such as Trichoderma reesei cellobiohydrolases (CBH I &
CBH II) and endoglucanases (EGs), is the prerequisite step for efficient enzymatic hydrolysis,
thus the surface area of cellulose plays a critical role in enzymatic hydrolysis yield and rate
(Arantes & Saddler, 2010). Biomass surface area can be divided into exterior surface arca
which is governed by individual particle size, and interior surface area which is largely
determined by size and number of fiber pores (Arantes & Saddler, 2011). Biomass material is
anisotropic in spatial structure which induces difference in mechanical properties with various
contents of cellulose, hemicellulose, and lignin (Guo, Chen, & Liu, 2012). Image analysis
could be used to determine biomass particle size and shape and it has been found that the
decrease of particle size normally leads to an increase of aspect ratio and exterior specific
surface area. The interior surface area is essentially reflected by biomass porosity. Wang et al.
reported that approximately over 90% of the substrate enzymatic digestibility is affected by
the accessible pore surfaces (Wang et al., 2012).

There exist several scales of porosity in biomass including cell lumen, pits, and nano-
pores formed between coated micro fibrils (Davison, Parks, Davis, & Donohoe, 2013). The
cell lumen represents the largest scale of biomass porosity with its size in the range of tens of
micrometers. Pits are the regions where the secondary cell wall is absent and an open pore is
maintained between adjacent cell lumen in plant cell walls. Neither of these types of pore
represents a fundamental barrier to cellulolytic enzymes that typically have a nominal
diameter of ~5.1 nm, and the fundamental barrier to effective enzymatic hydrolysis is
obviously the accessibility of a reactive cellulose surface. Study on transport phenomena

Complimentary Contributor Copy



Analytical Methods for Biomass Characterization During Pretreatment ... 47

suggests that pore size should be at least in the range of 50-100 nm to allow sufficient
penetration of enzymes into cell walls (Davison et al., 2013). Unlike the exterior surface area,
many researches have indicated a positive relationship between interior surface area/porosity
and enzymatic hydrolysis rate (Luo & Zhu, 2011; Meng, Wells, Sun, Huang, & Ragauskas,
2015). Nevertheless, the accurate measurement of cellulose accessibility is the prerequisite
step for understanding the role of cellulose accessibility in biomass recalcitrance.
Considerable amounts of work have been done to develop promising analytical techniques
that can be directly applied on biomass materials to measure its cellulose accessibility, and
each technique has its own advantages and disadvantages (Meng & Ragauskas, 2014).

2.4.1. Nitrogen Adsorption Method

One of the classic techniques to measure the specific surface area is the Brunauer-
Emmett-Teller (BET) method using gas adsorption. Inert gas, mostly nitrogen, could be
adsorbed on the outer surface of solid material and also on the surface of pores in case of
porous material such as biomass. Adsorption of nitrogen at a temperature of 77 K can lead to
the so-called adsorption isotherm which also refers to the BET isotherm. The typical nitrogen
adsorption instrument consists of an adsorption cell to hold the material, a gas burette, a
manometer, and a pumping system (Loebenstein & Deitz, 1951). Accordingly, samples are
dried, degassed, and then cooled in the presence of nitrogen gas allowing nitrogen gas to
condense on the surfaces and within the pores. The quantity of gas adsorbed can be then
determined from the pressure decrease after the sample was exposed to gas, and the specific
surface area is calculated using BET model that relates the gas pressure to the volume of gas
adsorbed. Table 6 shows the BET specific surface area of lignocellulosic materials before and
after pretreatment as determined by nitrogen adsorption. The results demonstrated that all
different pretreatments increased the BET surface area and as the pretreatment severity factor
increased, so did the specific surface area. On the one hand, nitrogen can pass readily through
plant cell walls and its uptake provides a quick and robust method for determination of the
surface area accessible to nitrogen. On the other hand, this measurement requires a prior
drying of the substrate which makes it typically less effective due to the partial irreversible
collapse of pores (Meng & Ragauskas, 2014). In addition, the small size of nitrogen
molecules compared to cellulase enzymes could cause over-estimation in terms of cellulose
accessibility to cellulase (CAC) measurement.

Table 6. Summary of BET surface area of untreated and pretreated
lignocellulosic materials

Samples BET surface area (m%/g) | Refs
Untreated spruce 0.4 (Wiman et
2% SO pretreated spruce at 194°C, 7 min 1.3 al., 2012)
2% SO, pretreated spruce at 220°C, 7 min 8.2
Untreated corn stover 8.5 (Li, Zhao,
Hot water pretreated corn stover at 190°C, 20 min 17.1 Qu, & Lu,
2014)
Untreated switchgrass 0.5 (Dougherty
Dilute acid pretreated switchgrass at 160°C, 20 min | 0.8 etal., 2014)
Tonic liquid pretreated switchgrass at 120°C, 240 3.2
min
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2.4.2. Solute Exclusion Method

The solute exclusion technique is based on the accessibility of probe molecules to the
substrate pores of different sizes (Rolleri, Burgos, Bravo-Linares, Vasquez, & Droppelmann,
2014). A known concentration of a solution containing the probe solute molecule is added to
the swollen substrate, causing possible dilution of the solution by the water contained in the
initial substrate. If all the pores in the substrate are accessible to the solute molecules after
thorough mixing, then all the water from the initial substrate can contribute to the dilution
process, while the water presented in the pores that is not accessible to the probe molecules
will not contribute to the dilution. As a result, the substrate pore size and volume distribution
can be determined using the concentration of the probe molecule in the final substrate
mixture. The typical solute molecules used in solute exclusion include polyethylene glycol
and dextran which are not adsorbed on nor chemically react with lignocellulosic substrate.
The concentration of these probe molecules can be measured by HPLC with a refractive index
detector or thermoporometry methods using differential scanning calorimetry (DSC) and 'H
NMR (Stone & Scallan, 1965; Grethlein, 1985; Ishizawa, Davis, Schell, & Johnson, 2007).
To assess the cellulose accessibility to cellulase, 5.1 nm is normally selected as the cutoff for
the pore size for which cellulase can transverse to access the interior surface (Huang, Su, Qi,
& He, 2010). The accuracy of the solute exclusion technique for pore size or volume
measurements is based on several assumptions: (1) the concentration of the probe molecules
in the accessible pores is equal to that in the solution surrounding the porous materials and (2)
complete penetration of probe molecules into the pores should occur when the diameter of the
probe molecule is less than the diameter of the pores into which it will diffuse (Lin, Ladisch,
Voloch, Patterson, & Noller, 1985). Table 7 presents exemplary data on the accessible surface
area to the 5.1 nm molecular probes of biomass after various pretreatment, indicating that
pretreatments result in a higher accessible interior surface area. Compared to nitrogen
adsorption technique, one of the advantages for this technique is that the measurement can be
directly performed quantitatively in wet state of biomass. There are some limitations to this
method as well. It is laborious, unspecific to cellulose, and cannot account for the external
surface area. Ink-bottle effect and osmotic pressure were also reported to affect the
determination of pore size distribution when using the solute exclusion method (Beecher,
Hunt, & Zhu, 2009).

Table 7. Accessible interior surface area of untreated and pretreated
lignocellulosic materials

Samples Accessible surface area available to Refs
solute of 5.1 nm (m?/g)

Untreated mixed hardwood 14.8 (Grethlein,

Hydrogen peroxide pretreated mixed hardwood | 24.5 1985)

Ethylenediamine pretreated mixed hardwood 30.7

Untreated corn cob 51.2 (Huang et

Sulfuric acid pretreated corn cob 55.2 al., 2010)

Lime pretreated corn cob 934

Sodium hydroxide pretreated corn cob 104.0
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2.4.3. Simons’ Stain Method

An alternative approach to examine pore size is to employ direct dyes such as Simons’
stain (SS) to estimate the total available surface area of lignocellulosic substrates as a semi-
quantitative method (Chandra, Ewanick, Hsieh, & Saddler, 2008). It evaluates the large-to-
small pore ratio of a substrate by applying two different dyes: Direct Blue 1 and Direct
Orange 15. Dyes are well known as sensitive probes for characterization of cellulose
structure, and direct dyes are particularly appropriate because of their linear structures and
outstanding substantivity toward cellulose (Inglesby & Zeronian, 2002). Direct Blue 1 has a
well-defined chemical formula C3sH24NsNasO16S4 with a molecular diameter of ~1 nm.
Direct Orange 15 is a condensation product of 5-nitro-o-toluenesulfonic acid in aqueous alkali
solution with a diameter in the range of ~5-36 nm, and it also has much higher binding
affinity for hydroxyl groups on a cellulosic surface compared to Direct Blue dye (Meng et al.,
2013). When lignocellulosic biomass is treated with a mixed solution of the direct orange and
blue dyes, the blue dye enters all the pores with a diameter larger than ~1 nm, while the
orange dye only populates the larger pores. After a pore size increase either by physical or
chemical action, the orange dye will gain further access to the enlarged pores because of the
higher affinity of orange dye for the hydroxyl groups on a cellulosic surface. Therefore, the
ratio of adsorption capacity between the Direct Orange 15 and Direct Blue 1 dyes can be
calculated as a measure of large-to-small pore ratio of a substrate.

It has been reported that the use of Orange/Blue (O/B) ratio as a molecular probe is a
good indicator of the total surface area of cellulose available to enzymes (Chandra et al.,
2008). Others reported that the higher the O/B ratio, the lower the protein loading required for
the efficient hydrolysis (Arantes & Saddler, 2010). Table 8 presents the cellulose accessibility
of untreated and pretreated lignocellulosic substrates as determined by the O/B ratio in
Simons’ stain. Although the O/B ratio has been related to the cellulose accessibility and
cellulase activity, large amounts of the smaller Direct Blue dye adsorbed by a substrate can
cause a decrease of the overall O/B ratio. In this case, even when there may be a significant
amount of large pore and cellulose accessibility, the analysis based solely on the low O/B
ratio may skew data interpretation. In addition, the method is not considered fully quantitative
and the measurement is also significantly affected by pore shapes and tortuosity. Despite the
shortcomings of Simons’ stain technique, it provides a relatively fast, simple and sensitive
method for the measurement of exterior and interior accessible surface area and relative
porosity of lignocellulosic substrate in its wet state.

Table 8. Cellulose accessibility of untreated and pretreated lignocellulosic biomass as
determined by Simons’ stain

Samples Orange/Blue (O/B) ratio Refs
Untreated poplar 0.19 (Meng et al.,
Steam explosion pretreated poplar 0.25 2013)

Dilute acid pretreated poplar 0.39

Untreated switchgrass 0.08 (Keshwani &
Lime pretreated switchgrass 0.26 Cheng, 2010)
Sodium hydroxide pretreated switchgrass 0.39
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2.4.4. NMR Cryoporometry Method

NMR cryoporometry has also been used for pore size distribution measurements through
observation of melting point of a confined liquid in biomass non-destructively. The method is
based on the principle that small crystals formed from liquid within pores melt at a lower
temperature than bulk liquid. The melting point depression of liquid that confined within a
pore can be related to the pore size through the Gibbs-Thompson equation (Strange, Rahman,
& Smith, 1993):

AT = Ty — Tu(x) = k/x

where T, is the normal melting point, T, (x) is the melting point of a crystal in pores of
diameter x, and & is a characteristic constant of the liquid. The pore volume v is a function of
pore diameter x, so the melting temperature of the liquid 7i(x) can be related to the pore size
distribution by the formula below:

dv _ dv  dTm(x)
dx dTm(x) dx

From Gibbs-Thompson equation, dT.(x)/dx = k/x2, so the pore size distribution can be
written as:

v dv

k
dx dTm(x) x’

Accordingly, liquid probe such as water is imbibed into a porous lignocellulosic
substrate, and the sample is cooled until all the liquid is frozen and then slowly warmed up. A
CPMG NMR sequence is used to measure the quantity of the liquid that has melted due to the
fact that the coherent transverse nuclear spin magnetization decays much more rapidly in a
solid than that in a mobile liquid. As a result, the NMR cryoporometry data collected contains
liquid proton signal intensity proportional to the integral pore volume v which varies as a
function of temperature 7. At each temperature, v is the volume of liquid in cell wall pores
with a dimension less than or equal to x. So the measurement of dv/dT,(x) which can be
obtained from the slope of the curve of v against 7 will allow the pore size distribution curve
to be determined (Meng et al., 2013). The pore size distribution gives information about the
incremental volume of the pores at a particular pore diameter. Pore size distributions obtained
with NMR cryoporometry have been shown to compare favorably with other methods such as
gas adsorption (Mitchell, Webber, & Strange, 2008).

Using NMR cryoporometry, Ostlund et al. revealed the decrease in porosity within the
fiber cell wall of bleached softwood Kraft pulp that was exposed to a series of drying
procedures, suggesting drying the pulp at 105°C decreases the pore volume to 55% of the
never-dried pulp (Ostlund, Kohnke, Nordasierna, & Nyden, 2010). Meng et al. estimated the
representative pore diameter roughly from the peak maximums in the pore size distribution
curve for untreated and dilute acid pretreated poplar (Meng et al., 2013). The positions of the
main peaks attributed to meso-scale pores for untreated, 10 min steam explosion pretreated,
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10 min dilute acid pretreated, and 60 min dilute acid pretreated poplar were at 1.5 nm, 3 nm, 6
nm, and 9 nm, respectively. NMR cryoporometry was also successfully applied on water
swollen flax and cotton fibers, suggesting that swelling substantially increases the pore
volume by a factor of 20-30 of fibers in the mesoporous region with 1 to 10 nm (Mikhalovsky
et al., 2012). DSC thermoporosimetry follows the same principal as the NMR cryoporometry,
except that the actual melting point instead of the amount of water that melts at a certain
temperature is recorded (Ponni, Vuorinen, & Kontturi, 2012). Park et al. characterized the
surface and pore structure of cellulose fibers during enzymatic hydrolysis via DSC
thermoporosimetry (Park et al., 2006). Their results showed that the concentration of large
pores decreased more than that of small pores through the cellulase treatment.

2.4.5. NMR Relaxometry

Like NMR cryoporometry, there are other NMR based techniques which can be used to
track changes in cellulose accessibility of biomass, such as proton NMR relaxometry. Fluid
molecules such as water confined into pores are usually subjected to interactions that can
change NMR relaxation times of the fluid materials. Therefore, information about the pore
size distribution of the material can be obtained through determining the relaxation time
distribution. In terms of lignocellulosic biomass, adsorbed water has been found spatially
localized on and within cellulosic micro fibrils, existing as capillary water in a lumen, or
between fibers and within the lignin-hemicellulose matrix (Menon et al., 1987). The nature
and strength of the association between water and cell walls is directly related to the
ultrastructural and chemical state of the biomass, making it possible to study the changes in
biomass pore surface area to volume ratio by monitoring the amount and the relative nature of
nuclear relaxation of the adsorbed water.

Spin-spin relaxation, also known as T, relaxation, is the mechanism by which the
transverse component of the magnetization vector exponentially decays towards its
equilibrium value in NMR. Biomass with a more hydrophilic pore surface or reduced pore
size distribution will contain a higher proportion of bound to unbound water. In a T»
relaxation curve, the signal intensity decays as a function of local inhomogeneity in the
magnetic field mainly due to perturbation by nuclei through space or dipolar interactions
(Araujo, Mackay, Whittall, & Hailey, 1993). Basically, as the T» relaxation time of adsorbed
water increase, the degrees of freedom or average local mobility of the water in pores also
increases. Similarly, an increase in T relaxation time of adsorbed water can be correlated
with a decrease in the proportion of bound to unbound water or amount of water located at the
pore surface versus pore interior. Therefore, in systems of increasing average pore size, the
pore surface area to volume ratio will decrease and is therefore detected by an increase in the
T, relaxation time.

NMR relaxometry has been used to characterize pore size or surface area of various
lignocellulosic materials including native biomass, pretreated biomass, and enzymatic
hydrolyzed cellulose (Felby, Thygesen, Kristensen, Jorgensen, & Elder, 2008; Menon et al.,
1987). Foston and Ragauskas studied the changes in the structure of cellulose fiber walls
during dilute acid pretreatment in Populus by generating the Inverse Laplace distributions on
T2 decays, and the results demonstrated not only a shift in T> times to longer relaxation or a
more mobile state but also indicated that the population of water with longer relaxation times
increased after pretreatment (Foston & Ragauskas, 2010). This suggests that the dilute acid
pretreatment breaks down and loosens the cellulosic ultrastructure within biomass. Karuna et
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al. studied the impact of alkali pretreatment on the surface properties of rice straw affecting
cellulose accessibility to cellulases by NMR relaxometry. The spin-spin relaxation times of
the samples indicated increased porosity in alkali pretreated rice straw (Karuna et al., 2014).
Felby et al. studied the cellulose-water interactions during enzymatic hydrolysis of filter
paper by determining the T, distributions via time domain NMR, suggesting the action of
enzyme system is a breakdown and loosening of the cellulose therefore introducing more
water into the structure and providing better access for the enzymes during the initial
enzymatic hydrolysis of cellulose (Felby et al., 2008). However, the NMR relaxometry
technique is usually expensive, and requires complicated setup and long experiment time.

2.4.6. Mercury Porosimetry Method

This technique provides a wide range of information including pore size distribution,
total porosity, apparent density, and specific surface area (Giesche, 2006). The non-wetting
property of mercury combined with its high surface tension uniquely qualifies mercury for
use in probing pore space. Unlike water, mercury cannot penetrate pores by capillary action
spontaneously, therefore an external pressure needs to be applied to force it into the pores.
The external pressure can be related to the pore size according Washburn equation:

D = -4ycosb/P

where D is the pore diameter, vy is the surface tension of mercury, 6 is the contact angle, and P
is the external pressure. The inverse relationship between the pore diameter and pressure
indicate that only slight pressure is required to intrude mercury into large macro pores,
whereas much larger pressures are required to force mercury into small pores. Therefore, the
volume of pores in the corresponding size can be determined by measuring the volume of
mercury which intrudes into the porous material with each pressure change. Because mercury
porosimetry requires a prior drying of samples, organic solvent exchange drying is normally
applied on samples to avoid unnecessary pore collapse (Foston & Ragauskas, 2010). In this
manner, water can be removed from biomass step by step, preserving the maximally swollen
pore structure of the biomass samples in an absolutely dry state.

Using mercury porosimetry, Meng et al. reported the total area, average pore diameter,
and pore tortuosity of untreated, hot water, dilute acid, and alkaline pretreated poplar (Meng
et al., 2015). The results showed that dilute acid pretreatment had the largest pore area among
these three pretreatments. In addition, both hot water and alkaline pretreatments were found
to slightly increase the average pore diameter, while the severe dilute acid pretreatment
significantly decreased the average diameter. The average pore diameter was observed to
decrease by 90% after 60 min of 160°C dilute acid pretreatment as compared to untreated
poplar.

3. CHARACTERIZATION OF ISOLATED MAJOR COMPONENTS

3.1. Cellulose Analysis

Cellulose, consisting of approximately 40-50% of the total feedstock dry matter, is a
linear glucose polymer linked by B-1,4 glycosidic bonds with cellobiose as its repeating unit.
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Cellulose chain has a strong tendency to form inter and intra-molecular hydrogen bonds by
hydroxyl groups on these linear cellulose chains, which stiffen the chains and promote
aggregation into a crystalline structure (Sannigrahi et al., 2010). Degree of polymerization
(DP) and crystallinity are two important structural properties of cellulose that may affect its
digestibility. It is generally believed that amorphous cellulose should be hydrolyzed at a much
faster rate than crystalline cellulose, indicating the initial degree of crystallinity of cellulose
might plays a major role as a rate determinant in hydrolysis reaction (Zhang & Lynd, 2004). It
is also reported that cellulose crystallinity could affect the ability of cellulase enzyme
modules to adsorb or function on cellulose, and the maximum adsorption constant has been
shown to be greatly enhanced at low crystallinity index (Lee, Shin, Ryu, & Mandels, 1982).
Cellulose chain length could also affect the solubility of cellulose in a given solvent, the
mechanical properties of composite materials, and the efficiency of enzymatic hydrolysis of
biomass (Yang, Dai, Ding, & Wyman, 2011). Hence, it is important to measure the cellulose
DP and crystallinity during biomass conversion process.

3.1.1. Degree of Polymerization

Cellulose DP can be measured by various analytical techniques including viscometer and
gel permeation chromatography (GPC). Determination of cellulose DP via viscometer after
nitration was developed in early 1940s, in which lignocellulosic biomass was treated with
nitric acid, phosphoric acid, and phosphorous pentoxide in a ratio of 64:26:10 at 17°C for 40
h, resulting in the formation of cellulose nitrates that can be subsequently solubilized in ethyl
acetate or acetone (Timell, 1955). Although this technique has the advantage of eliminating
pre-isolation of cellulose through holocellulose pulping and base catalyzed hydrolysis of
hemicellulose, it is rarely used nowadays due to the uncertainty arising from possible change
of cellulose chain during derivatization as well as the instability of the derivative (Hallac &
Ragauskas, 2011).

GPC is another technique that can be used to measure cellulose DP and it also involves
cellulose derivatization known as cellulose tricarbanilate. The derivatization of cellulose
starts with the isolation of cellulose, including two steps: delignification of extractive-free
material to generate holocellulose by oxidative degradation of lignin, followed by an alkaline
extraction to remove hemicellulose. One of the conventional delignification method to
selectively remove lignin from biomass with only limited amount of glucan and xylan being
solubilized is treating samples with glacial acetic acid and sodium chlorite (Hubbell &
Ragauskas, 2010). However, the addition of acetic acid might increase the likelihood of chain
degradation. Kumar et al. reported nearly 75% in the average DP of filter paper remained
after delignification using acid-chlorite (Kumar, Mago, Balan, & Wyman, 2009). Hubbell and
Raguakas reported that the introduction of even a small portion of lignin to the system instead
of completely removing lignin greatly reduced the negative DP effect (Hubbell & Ragauskas,
2010). To address this issue, several delignification methods were compared for their
selectivity and impacts on physiochemical characteristics of cellulosic biomass in a recent
study. The results showed that delignification using peracetic acid at room temperature is
much more selective than the traditional chlorite-acetic acid method, and more importantly,
has less severe impacts on cellulose DP (Kumar, Hu, Hubbell, Ragauskas, & Wyman, 2013).
Once cellulose is isolated from lignin-hemicellulose matrix, derivatization of cellulose is
usually performed by reaction of cellulose with phenyl isocyanate in pyridine. Typically,
~4.00 mL of anhydrous pyridine and 0.5 mL of phenyl isocyanate is added to ~15 mg of dried
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cellulose samples, and the reaction mixture is kept at ~66°C with stirring until the cellulose is
completely dissolved. It should be noted that the temperature needs to be kept lower than
70°C thus avoiding cellulose degradation. Afterwards, methanol is added to the reaction to
eliminate the unreacted phenyl isocyanate, and the mixture is then poured into a water-
methanol mixture to precipitate the cellulose tricarbanilate which can then be analyzed by
GPC for its molecular weight.

3.1.2. Crystallinity and Ultrastructure

Cellulose crystallinity index (Crl) can be used to describe the relative amount of
crystalline portion in cellulose, and can be typically measured using several analytical
techniques including X-ray diffraction (XRD), Infrared (IR) spectroscopy, and solid-state '*C
NMR. XRD can provide strong signals from the crystalline fraction of cellulose, and the Crl
is usually defined as (Segal, Creely, Martin, & Conard, 1959)

Crl= [(1002 - Iamorphuus)/IOOZ] x 100

where gz is the diffraction intensity at 002 peak position at 20 = 22.5° and Lumorphous 1S the
scattering intensity of amorphous region at 26 = 18.7°. The non-crystalline part of cellulose is
represented by broader and less clearly refined features in the XRD pattern, leading to
challenges in evaluation of signals for a quantitative crystallinity measurement. In addition,
information about cellulose crystallinity can be also obtained by FTIR spectroscopy, which
gives only relative values of crystallinity. The ratio of amorphous to crystalline cellulose
usually associates with the ratio of intensities of the bands at 900 cm™! and 1098 cm! in FTIR
spectra (Stewart, Wilson, Hendra, & Mortrison, 1995).

Another promising method to analyze ultrastructural features of cellulose is the '*C cross
polarization magic angle spinning (CP/MAS) NMR spectroscopy. In CP/MAS '3C NMR, Crl
is defined as (Newman, 2004):

Crl = [A486-92ppm/ (A 79-86ppm + A86-92ppm)] * 100

where Ass-92ppm represents the area of crystalline Cy signal, 479-ssppm 18 the area of amorphous
Cs4 signal. Similar to other biological materials, the NMR spectra of cellulose contains
multiple broad and overlapping peaks. To address this problem, a least-squared model and
spectra fitting method was proposed to quantitatively estimate the relative fraction of
ultrastructural components, including crystalline cellulose (i.e., cellulose I, and Ig), para-
crystalline cellulose, and amorphous domain of accessible or inaccessible fibril surfaces
(Foston, Hubbell, & Ragauskas, 2011). Figure 4 shows a non-linear least-squared line fitting
of the C4 region for a 3C CP/MAS spectrum of isolated cellulose, with the peak assignments
of signals presented in Table 9. Lorentzian line shapes were applied to the carbon signals
attributed to the domain of cellulose Ly, Ig, lo+p, while Gaussian lines were used to describe the
signals from inaccessible and accessible fibril surfaces comprising the amorphous domains
(Foston & Ragauskas, 2010).

Complimentary Contributor Copy



Analytical Methods for Biomass Characterization During Pretreatment ... 55

Spectral fitting
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Figure 4. Spectra fitting for the C4 region of the CP/MAS "*C NMR spectrum of cellulose (Hallac et al.,
2009).

Table 10 lists the relative contents of amorphous, para-crystalline, and crystalline portion
of cellulose isolated from Populus, Buddleja Davidii, and switchgrass. Para-crystalline
cellulose is the largest fraction observed for Populus, while inaccessible fibril surface of
cellulose is the largest fraction observed for Buddleja Davidii and switchgrass. Populus is
composed of relatively higher crystallinity (~63%) and accessible fibril surface (~10.2%) as
compared to switchgrass and Buddleja Davidii.

Table 9. Assignments of signals in the C-4 region of the CP/MAS *C NMR spectrum
(Foston, Hubbell, Davis, & Ragauskas, 2009)

Assignment Chemical shift (ppm) Intensity (%) Line type
Cellulose I, 89.6 4.2 Lorentz
Cellulose Io+p 88.9 8.7 Lorentz
Para-crystalline cellulose 88.7 329 Gauss
Cellulose I 88.2 6.5 Lorentz
Accessible fibril surface 84.6 3.9 Gauss
Inaccessible fibril surface 84.1 41.1 Gauss
Accessible fibril surface 83.6 2.7 Gauss

Table 10. Crystallinity index and line fitting results of cellulose by CP/MAS *C NMR

Biomass Crl |Io |lep |Ip Para- Accessible Inaccessible | Refs

feedstock crystalline | fibril surface | fibril surface

Populus 63 (5.0 |142 |19.8 |31.1 10.2 18.3 (Foston et al.,
2009)

Buddleja 55 (42 |87 |65 329 6.6 41.1 (Foston et al.,

Davidii 2009)

Switchgrass 44 |23 |8.0 |48 |273 6.2 513 (Samuel, Pu,
Foston, &
Ragauskas, 2010)
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Besides FTIR and NMR spectroscopy, Raman spectroscopy could be also used for the
assessment of structural differences in celluloses of various origins (Szymanska-Chargot,
Cybulska, & Zdunek, 2011). Cellulose I crystallinity can be calculated based on the Raman
band intensity ratio of 378 and 1096 cm* using an FT-Raman spectroscopy (Agarwal, Reiner,
& Ralph, 2007). In addition, cellulose polymorphic modifications | and 1l as well as
amorphous structure can be also identified. Schenzel and Fischer investigated cellulose |
and Il using FT-Raman experiments, confirming the difference in the conformational
arrangements. The authors reported that simultaneous presence of two stereo chemically non-
equivalent CH,OH groups was observed in cellulose | resulting from the rotation of side
chains about C(5)-C(6) atoms, while there was only one type of CH.OH groups present in
cellulose 11 (Schenzel & Fischer, 2004).

3.2. Hemicellulose Analysis

Hemicelluloses are heterogeneous polysaccharides, representing generally 15-35% of
plant biomass. Hemicellulose in biomass may contain pentoses (xylose, arabinose, rhamnose),
hexoses (mannose, glucose, galactose, fucose), uronic acids (glucuronic and galacturonic
acids), and acetyl substitutes (Girio et al., 2010; Sun, Fang, Tomkinson, Geng, & Liu, 2001).
Prior to hemicellulose extraction, the Wiley milled and dried biomass is extracted with
solvents to remove wax and lipids, and the dewaxed biomass is further delignified by sodium
chloride or peracetic acid to obtain holopulp. Hemicellulose is usually extracted from biomass
holopulp with high alkali (e.g., 2-17.5% sodium hydroxide or potassium hydroxide) at room
temperature (Cao, Pu, Studer, Wyman, & Ragauskas, 2012; Kumar et al., 2013). The
hemicellulose is obtained by precipitation of the alkali extracts in ethanol (75%, v/v) followed
by washing with additional ethanol (75%, v/v). The characteristics of hemicellulose that are
general required to assess are listed in Table 11.

Table 11. Hemicellulose characteristics and the characterization techniques

Samples Techniques
Chemical compositions HPLC
Molecular weights distribution GPC
Functional groups FTIR
Structures and linkages NMR

3.2.1. Chemical Compositions

The chemical compositions such as xylose, mannose, glucose, arabinose, galactose,
uronic acids, and acetyl groups of hemicelluloses can be analyzed following a modified two-
step acid hydrolysis (Sluiter et al., 2008b). The isolated hemicellulose is soaked first in 72%
sulfuric acid at 45°C for 7 min and is followed by hydrolysis in ~ 3% sulfuric acid at 121°C
for another 30 min. The concentrations of monomeric sugars in the soluble fraction can be
determined by HPLC or an ion chromatography. Uronic acids can be quantified either by the
sulfuric acid-carbazole procedure or gas chromatography after derivatization (Filisetti-Cozzi
& Carpita, 1991; Li, Kisara, Danielsson, Lindstrém, & Gellerstedt, 2007). The chemical
compositions of hemicellulose usually vary depending on various fractions and extraction
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solvents employed (Jin et al., 2009; Xue, Wen, Xu, & Sun, 2012). The monosaccharides and
uronic acids contents of hemicellulose from several lignocelluloses are given in Table 12.

Table 12. The contents of monosaccharides and uronic acids in hemicellulose.
(Brienzo, Siqueira, & Milagres, 2009; Jin et al., 2009; Patwardhan, Brown, & Shanks,
2011; Peng et al., 2012; Sun et al., 2001; Xue et al., 2012)

Biomass Xylose |Mannose |[Glucose |Arabinose |Galactose |Rhamnose |Uronic
acids
Barley straw? 28-77% [0.3-25% [8-30% [12-19% 0.3-10% 2-11% 5-8%
Maize stem? 26-61% [0.1-6% 7-25% | 23-30% 0.2-12% 1-8% 3-7%
Pine wood? 20-59% [20-48% |6-12% |7-10% 6-14% - -
Poplar wood? 79-89% |2-9% 4-7% 0.9-1.3% 1.9-28% [1.6-2.2% 8-12%
Sugarcane bagasse® |73-83% |- 4-1% 4-71% - - 4-71%
Sweet sorghum 9-89% |[<3% 8-50% 1-43% 2-20% 1-9% 1-3%
leaves®
Switchgrass? 66.2% |- 3.3% 14.2% 3.8% - -

@ pased on total sugar weight; ® based on hemicellulose weight; -: not reported.

3.2.2. GPC Analysis

The average molecular weights of hemicelluloses can be determined by GPC based on
calibration with pullulan standards of molecular weights ranging from ~780 up to 1600,000
Da. Sodium acetate buffer or sodium phosphate buffer in pH 7-12 is used as the mobile phase.
The polydispersity index (PDI) is calculated by dividing weight-average molecular weight
(Mw) over number-average molecular weight (M,) of hemicellulose. The hemicellulose
molecular weights and its distributions also vary widely upon the hemicellulose fraction
extracted with different solvents. Molecular weights of hemicellulose isolated from several
biomass are listed in Table 13.

3.2.3. FTIR Spectroscopic Analysis

FTIR spectra can be used to determine the structure of isolated hemicellulose. The
characteristic absorbance bands of functional groups in hemicellulose include hydroxyl
(OH), glycosidic linkage (C-O-C), ester group (-COO-), and carbonyl group (C=0). The
hemicellulose containing lignin residual shows aromatic skeletal absorbance at 1500-1560
cm (Sun, Jing, Fowler, Wu, & Rajaratnam, 2011; Xue et al., 2012). The identified functional
groups and assignments in FTIR spectra of hemicellulose are summarized in Table 14.

Table 13. Weight-average (My) and number-average (IM,) molecular weights (g/mol)
and polydispersity index (My/Mu) of hemicellulose from various biomass. (Ayoub,
Venditti, Pawlak, Sadeghifar, & Salam, 2013; Jin et al., 2009; Peng et al., 2012; Sun et
al., 2001; Xue et al., 2012)

Mw Mhn PDI
Barley straw 14,600-28,840 5,030-10,080 2.6-3.0
Maize stem 13,370-23,590 4,840-8,780 2.7-2.8
Pine wood 16,500-79,840 12,760-40,020 1.3-2.0
Poplar wood 38,360-42,230 4,910-7,580 5.1-8.0
Sweet sorghum leaves 17,300-128,000 1,400-20,100 2.5-12.4
Switchgrass 3,500-85,700 460-20,900 4.1-7.6
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Table 14. The main functional groups assignment of hemicellulose in FTIR spectra (Jin
et al., 2009; Sun et al., 2001; Sun et al., 2005)

Wave numbers Functional group Compounds

(cm?)

3343 O-H stretching Hemicellulose

2950-2850 C—H stretching hemicellulose

1745 C=0 Acetyl, uronic, and ferulic ester
1584 C—H deformation Hemicellulose

1456 C—H vibration of polysaccharides Hemicellulose

1420 —COO- symmetric stretching Uronic acids

1374 C-H vibration of polysaccharides Cellulose

1258 —COOH vibration Glucuronic acid

1249 —-C-0O- Acetyl, uronic, and ferulic ester
1149 C—OH vibration and C-O-C stretching Glycosidic bond

1028 O-H Glucose unit

897, 903 C-0-C Glycosidic linkage

873 Pyranose ring stretching Hexose units

Table 15. Chemical shifts and signals assignments of hemicellulose in HSQC spectra
(Sun et al., 2011; Sun et al., 2005)

Chemical shift, ppm (8¢/8h) Assignment

110.00/5.21 a-arabinose unit

109.56/4.88 a-arabinose unit

100.08/4.64 C-1/H-1 of mannose residue
106.50/4.46 C-1/H-1 of galactose residue
102.52/4.32 C-1/H-1 of glucose and xylose residue
97.6/5.19 C-4/H-4 of 4-O-methyl-D-glucuronic acid
86.70/4.15 C-4/H-4 of a-arabinose unit
83.20/3.15 4-O-methyl-D-glucuronic acid
78.96/3.54 C-4/H-4 of 4-linked B-glucose
78.60/3.71 C-5/H-5 of 4-linked B-glucose
76.90/3.68 C-4/H-4 of 4-linked B-mannose
76.00/3.59 C-4/H-4 of B-xylose

75.88/3.45 C-5/H-5 of 4-linked B-mannose
75.10/3.28 C-3/H-3 of B-xylose

74.12/3.47 C-3/H-3 of 4-linked B-glucose
73.80/3.19 C-2/H-2 of 4-linked B-glucose
73.20/3.07 C-2/H-2 of B-xylose

72.12/3.67 C-3/H-3 of 4-linked B-mannose
71.21/3.98 C-3/H-3 of 4-linked B-mannose
63.91/3.85, 3.17 C-5/H-5 of B-xylose
60-63.50/3.40-4.00 C-6/H-6 of 4-linked B-mannose and B-glucose
60.82/3.47 O-methyl group

23.20/1.83 Acetyl group

3.2.4. NMR Spectroscopic Analysis

The structure of isolated hemicellulose has also been analyzed by H, '3C, and
heteronuclear single quantum coherence (HSQC) NMR. The solvent used for NMR analysis
are generally D2O. In a *H-NMR spectrum, signal around 2.1 ppm indicates the presence of
acetyl group in polysaccharides of hemicellulose (Lundqvist et al., 2002). The signals in the
region between 4.8 and 4.5 ppm were attributed to the anomeric protons of substituted -D-
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xylose (Jin et al., 2009). The anomeric proton chemical shifts of 4.77 and 4.52 ppm
correspond to the presence of (1-4)-linked p-mannopyranosyl and B-glucopyranosyl residues,
respectively (Sun et al., 2005). In a 13C-NMR spectrum, five signals at 102.6 (C-1), 78.3 (C-
4), 77.7 (C-3), 76.2 (C-2), and 66.0 (C-5) ppm, were assigned to the (1,4) linked B-D-Xyl
residues (Jin et al., 2009). HSQC NMR spectra are very useful in elucidating the structure of
hemicellulose. The cross peaks in HSQC spectra of hemicellulose and their assignments are
summarized in Table 15.

3.3. Lignin Analysis

Lignin is a natural aromatic polymer mainly composed of coniferyl, sinapyl and p-
coumaryl alcohols by aryl ether linkages (e.g., B-O-4, 4-O-5) and carbon-carbon bonds (e.g.,
B-B, B-1, B-5, 5-5). It is a major cell wall component and provides structural strength and
rigidity of plant tissues, and is also an important component for water transportation in plants
(Whetten & Sederoff, 1995). In addition, lignin is also connected with carbohydrates forming
lignin-carbohydrate complex (LCC) in cell walls. While whole cell wall NMR can provide
useful information on lignin structures such as monolignol types and interunit linkages,
isolation of lignin from plant cell walls is a required step for characterization of certain key
structural properties of lignin such as molecular weights and hydroxyl groups. Efforts in
isolation process should focus on minimizing structural modification of lignin that might
occur during isolation (Guerra, Filpponen, Lucia, Saquing, et al., 2006). Three types of
isolated lignins have been widely used for lignin characterization: milled wood lignin
(MWL), cellulolytic enzyme lignin (CEL), and enzymatic mild acidolysis lignin (EMAL). In
addition, Wen et al. recently proposed a new method for lignin isolation from Eucalyptus
wood based on mild alkaline preswelling and enzymatic hydrolysis (Wen, Sun, Yuan, & Sun,
2015). The isolated lignin was termed as swollen residual enzyme lignin (SREL) and a high
yield of SREL up to 95% was reported. Figure 5 presents an overall isolation procedure
for MWL, CEL, and EMAL. The structural features of lignin such as molecular weights,
functional groups contents, monolignol types/ratios, and interunit linkages are generally
investigated by using GPC and a variety of NMR techniques.

Milled wood lignin, also called as Bjorkman lignin, is separated from plant cell walls
without enzymatic or chemical hydrolysis (Bjorkman, 1957). Biomass samples need to be
prepared as described in the previous section before milling. The dry extractives-free biomass
is milled using a ball mill. Milling time and other milling conditions such as milling speed
and amount of loading biomass need to be optimized based on biomass species, particle size,
and even types of ball mills. Ball-milled biomass is extracted in dioxane/water mixture (96:4,
v/v) at room temperature for 24 h, and then centrifuged for recovering the extracts. The
residues are extracted again with a fresh dioxane-water mixture for another 24 h. The extracts
from the dioxane extraction are combined and dried by either freeze-drying or vacuum
drying. Although this crude MWL is useful for many experiments, it still has ~5-10% residual
carbohydrate contaminates (Obst & Kirk, 1988). For the further purification of the crude
MWL, the lignin is dissolved in 90% acetic acid, and then precipitated in water. The
precipitated lignin is freeze-dried and dissolved in ethylene chloride and ethanol (2:1, v/v)
and remove the solid fraction by centrifugation. The lignin in solution is precipitated in
anhydrous ethyl ether and recovered by centrifugation and freeze-drying.
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Figure 5. An overall isolation procedure for MWL, CEL, and EMAL lignin from biomass.

Another lignin isolation method was introduced by using enzymatic hydrolysis for
enhancing the lignin isolation (Chang, Cowling, & Brown, 1975; Holtman, Chang, & Kadla,
2004). Typically, it has a higher lignin yield compared to MWL, while it potentially contains
some protein impurities from the enzyme residues and carbohydrates from LCC complexes.
The biomass preparation and ball-milling steps are the same as MWL isolation, except that
the ball-milled biomass is hydrolyzed by enzyme cocktails including cellulase, hemicellulase,
and B-glucosidase before conducting dioxane extraction. Enzymatic hydrolysis conditions
(pH of solution, enzyme loading, and temperature) vary depending on the types of enzymes
employed. Enzymatic hydrolysis is usually conducted for 24-72 h in a buffer with repeatedly
adding fresh enzymes. The solid residues from enzymatic hydrolysis are recovered by
centrifugation, and then washed with DIl-water before freeze-drying. The residues are
extracted by 96% dioxane/water (v/v) as similar to MWL isolation.

Enzymatic mild acidolysis lignin is isolated by combination of enzymatic hydrolysis and
a mild acid hydrolysis, reportedly yielding a lignin with high yield and improved purity
(Guerra, Filpponen, Lucia, Saquing, et al., 2006; Wu & Argyropoulos, 2003). Significant
amount of carbohydrates can be removed from ball-milled biomass during the enzymatic
hydrolysis. The solid residues are washed with acidified DI water (pH 2), and then freeze-
dried for the following mild acid hydrolysis step. The acid hydrolysis is conducted by fluxing
an azeotrope of dioxane/water (85:15, v/v) with 0.01 mol/L HCI under an inert (i.e., argon)
atmosphere to cleave linkages between lignin and carbohydrates. The resultants are
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centrifuged and the supernatants are neutralized with sodium bicarbonate, and then added
dropwise into acidified DI water (~pH 2.0). The precipitated lignin is then kept in solution
overnight, centrifuged and washed with DI water before freeze-drying. Table 16 shows
typical lignin yields from different biomass by MWL, CEL, and EMAL isolation procedures.

Table 16. Lignin yields from different biomass by different isolation methods for MWL,
CEL, and EMAL (Guerra, Filpponen, Lucia, & Argyropoulos, 2006; Guerra, Filpponen,
Lucia, Saquing, et al., 2006; Tolbert, Akinosho, Khunsupat, Naskar, & Ragauskas, 2014)

Biomass species Isolated lignin yield?® [%]
MWL CEL EMAL

Norway Spruce 114 234 44.5
Douglas Fir 14 7.1 24.8
Redwood 15.7 13.2 56.7
White Fir 11.3 115 42.9
Eucalyptus globulus 34.0 325 63.7
Southern Pine 11.9 124 56.3

aCalculation is based on Klason lignin contents in biomass.

3.3.1. Molecular Weights Analysis

Molecular weight is one of key physicochemical properties of lignin. It has been analyzed
by different methods including vapor pressure osmometry (VPO), ultrafiltration, light
scattering, mass spectrometry, and gel permeation chromatography (GPC) (Baumberger et al.,
2007; Gidh, Decker, Vinzant, Himmel, & Williford, 2006; Gosselink et al., 2004; Jonsson,
Nordin, & Wallberg, 2008). Among these methods, GPC is widely used for lignin molecular
weight analysis because of its advantages: (1) broad range of molecular weights, (2) tolerance
of synthetic and natural polymers, (3) small quantity analysis (milligram size), and (4)
relatively short processing time (Robards, Robards, Haddad, & Jackson, 1994; Seidel, 2008;
Tolbert et al., 2014). Weight-average molecular weight (Mw) and number-average molecular
weight (M,) of lignin can be calculated through a calibration curve established with
polystyrene standards. Lignin polydispersity index, which represents the heterogeneity of
lignin particle sizes, can also be calculated.

For GPC analysis, derivatization of isolated lignin is usually performed to achieve good
solubility of lignin samples in organic solvents. Derivatization can be conducted by
methylation, acetylation, or silylation (Tolbert et al., 2014). Acetylation using acetic
anhydride-pyridine mixture (1:1, v/v) is the most employed derivatization method for lignin
GPC analysis (Gellerstedt, 1992). The isolated lignin is dissolved in acetic anhydride-pyridine
mixture and stirred at room temperature for 24 h. After reaction, ethanol is loaded in the
mixture, and then evaporated using rotary evaporator to remove solvents. This ethanol
addition and evaporation is repeated until unreacted acetic anhydride and pyridine are
completely removed. The acetylated lignin is dissolved in THF and filtered using a
hydrophobic PTFE membrane filter before GPC analysis. Polystyrene standards are used for
the calibration curves of molecular weights. Details for GPC system and calculation of My,
Muw, and PDI are similar to cellulose molecular weight analysis (Section 3.1.1). Using GPC
analysis, Hallac et al. reported that degree of polymerization of lignin in Buddleja davidii
significantly decreased (i.e., by ~85%) with an increase in polydispersity index after ethanol
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organosolv pretreatment, thus facilitating lignin solubilization in ethanol (Hallac et al., 2010).
Table 17 shows molecular weights and PDI of lignin isolated from various biomass.

Table 17. Molecular weights and polydispersity index of lignin from various biomass
(Cao et al., 2012; Hu, Cateto, Pu, Samuel, & Ragauskas, 2011; Rahikainen et al., 2013;
Tolbert et al., 2014; Wen et al., 2013)

Biomass Isolation M [g/mol] Mw [g/mol] PDI (Mw/ Mh)

Spruce EMAL 3,100 13,700 4.4

Wheat Straw EMAL 2,000 3,600 1.8

Birch CEL 7,810 18,300 2.3

Poplar MWL 4,176 13,250 3.2

Switchgrass MWL 2,070 5,100 2.5
3.3.2.'HNMR

'H NMR spectroscopy has long been used as a valuable technique for structural
characterization of lignin. This technique provides a high signal to noise (S/N) ratio in a short
experimental time (typically within several minutes). However, it usually suffers from severe
signal overlapping due to its short chemical shift ranges (i.e., ~ & 12-0 ppm) and complexity
of lignin structures. *H NMR can quantitatively examine lignin samples either as acetate
derivatives or underivatized forms, providing information of some key lignin functionalities,
such as carboxylic acids, aromatic hydrogens, methoxyl group, and monolignol types in
lignin. Acetylated lignin can provide improved spectral resolution; however, some unwanted
chemical modifications probably occur to the sample to some extent due to the acetylation
procedure. Table 18 shows chemical shifts and signals assignments of acetylated spruce
milled wood lignin in a *H NMR spectrum.

Table 18. Typical signals assignment and chemical shifts in "HNMR spectrum of
acetylated spruce lignin (solvent: deuterated chloroform) (Lundquist, 1992)

3 (ppm) | Assignment

1.26 Hydrocarbon contaminant

2.01 Aliphatic acetate

2.28 Aromatic acetate

2.62 Benzylic protons in - structures

3.81 Protons in methoxyl groups

4.27 H, in several structures

4.39 Hy in, primarily, B-O-4 structures and -5 structures

4.65 Hp in B-O-4 structures

4.80 Inflection possibly due to H.. in pinoresinol units and Hp in noncyclic benzyl aryl ethers

5.49 H.. in B-5 structures

6.06 Hq in B-O-4 structures (Ho in B-1 structures)

6.93 Aromatic protons (certain vinyl protons)

7.41 Aromatic protons in benzaldehyde units and vinyl protons on the carbon atoms adjacent
to aromatic rings in cinnamaldehyde units

7.53 Aromatic protons in benzaldehyde units

9.64 Formyl protons in cinnamaldehyde units

9.84 Formyl protons in benzaldehyde units
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3.3.3. ®*C NMR

Compared to *H NMR, 3C NMR spectroscopy benefits from a broader spectral window
(i.e., ~ & 240-0 ppm), better resolution, and less signals overlapping, while needing longer
experimental time due to the low natural isotopic abundance of 3C nucleus. **C NMR can
provide comprehensive information about lignin structure and functional groups including
methoxyl, condensed and noncondensed carbons, interunit linkages, and monolignol ratio.
Both qualitative and quantitative 13C NMR spectra are applicable for lignin characterization.
A qualitative 3C NMR spectrum for lignin analysis usually requires ~2-5 h depending on
sample concentration and experimental conditions. In order to perform quantitative analysis
of lignin, a *3C NMR spectrum needs to obtain under quantitative requirement conditions
using an inversed-gated decoupling pulse sequence and long relaxation delay of at least 5
times the longest 'C longitudinal relaxation time. A quantitative 13C NMR spectrum with a
satisfactory signal-to-noise ratio can be obtained using a 90° pulse, a pulse delay of ~12 s, and
thousands of scan numbers. The quantitative 3C NMR spectra are usually time consuming
with the total experiment time being up to 24-36 h. Recently, Holtman et al. reported a
shortened time of quantitative 3C NMR spectra for lignin analysis by adding relaxation agent
chromium (I11) acetylacetonate (0.01 M) into lignin solution samples which provided
complete relaxation of all nuclei in lignin (Holtman et al., 2006). The experimental condition
was reported not affecting the quality of the spectra while allowing a 4-fold decrease in the
experimental time with a shorter pulse delay (i.e., 1.7 s). Table 19 summarizes signal
assignments and chemical shifts of structural features of a spruce milled wood lignin in a 3C
NMR spectrum measured using DMSO-d6 as solvent. Figure 6 shows a quantitative 3C
NMR spectrum for a milled wood lignin isolated from a hardwood poplar (Cao et al., 2012).
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Figure 6. A quantitative **C NMR spectrum of a milled wood lignin isolated from a hardwood poplar
(Cao et al., 2012). Ar: aromatic; OMe: methoxyl; DMSO: dimethyl sulfoxide.

13C NMR spectroscopy has been widely used for lignin characterization in biomass
feedstock and pretreatment. For example, Pu et al. employed quantitative 3C NMR to
study structure of lignin in genetically engineered alfalfa and reported that p-coumarate
3-hydroxylase (C3H) and hydroxycinnamoyl CoA:shikimate/quinate hydroxycinnamoyl
transferase (HCT) C3H gene down-regulation reduced the methoxyl content by up to ~58%
and 73% in lignin, respectively (Pu et al.,, 2009). Hallac et al. investigated structural
transformations of Buddleja davidii lignin during ethanol organosolv pretreatment using **C
NMR (Hallac, Pu, & Ragauskas, 2010). The results demonstrated a decrease of B-O-4
linkages up to ~57% and S/G ratio remained relatively unchanged after the pretreatments.
Similarly, Sannigrahi et al. investigated lignin isolated from loblolly pine before and after
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ethanol organosolv pretreatment and observed a ~50% decrease in -O-4 linkages from
quantitative 3C NMR analysis, which suggested that acid-catalyzed cleavage of B-O-4
linkages was a major mechanism for lignin degradation during organosolv pretreatment
(Sannigrahi, Ragauskas, & Miller, 2008; Sannigrahi, Ragauskas, & Miller, 2010).

3.3.4.3P NMR

Lignin hydroxyl groups, especially free phenoxy groups, as well as their contents in
lignin, are key structural characteristics that impact physical and chemical properties of
lignin. These functional groups have a prominent role in defining reactivity of lignin to
promote cleavage of inter-unit linkages and/or oxidative degradation during pretreatment
processes. 3P NMR can provide quantitative information for various types of major hydroxyl
groups including aliphatic, carboxylic, phenolic hydroxyls, and p-hydroxyphenyls in a
relatively short experimental time and with small sample size requirements. The 3P NMR
technique usually involves treating lignin samples with the phosphorylation reagent 2-chloro-
4,455 tetramethyl-1,3,2-dioxaphospholane (TMDP) to phosphorylate the labile hydroxyl
protons in lignin and then determine their concentration by 3P NMR (Pu, Cao, & Ragauskas,
2011). An internal standard such as cyclohexanol or N-hydroxy-5-norbornene-2,3-
dicarboximide is used in 3!P NMR analysis. A mixture of anhydrous pyridine and deuterated
chloroform (~1.6:1.0, v/v) containing a relaxation agent (i.e., chromium (I11) acetylacetonate)
and an internal standard is employed as a solvent. Typically, an accurately weighed dried
lignin sample (10~25 mg) is dissolved in a NMR solvent mixture (0.50 ml) and TMDP
reagent (~ 0.05 — 0.10 ml) is added and stirred for a short period of time at room temperature.
31p NMR spectrum with a satisfactory signal to noise (S/N) ratio is usually acquired with a
90° pulse width, a 25-s pulse delay, and 64 - 256 acquisitions (~ 0.5- 2 h) at room
temperature. Figure 7 shows a 3P NMR spectrum of a hardwood lignin derivatized with
2-chloro-4,4,5,5 tetramethyl-1,3,2-dioxaphospholane. Table 20 summarizes chemical
shifts/integration ranges of hydroxyl groups in lignin using TMDP/3!P NMR analysis.

3P NMR has been shown to be very effective for determining the presence and contents
of various hydroxyl groups in starting and pretreated biomass. Using 3P NMR methodology,
Cao et al. documented that the syringyl and guaiacyl phenolic OH contents in poplar lignin
increased after dilute acid pretreatment (Cao et al., 2012). Similarly, Hallac et al. applied 3'P
NMR to determine hydroxyl contents in lignin of Buddleja davidii during ethanol organosolv
pretreatments and reported the amount of phenolic OH increased significantly in ethanol
organosolv lignin EOLs as compared to milled wood lignin from native B. davidii (Hallac et
al., 2010). 3'P NMR analysis by Samuel et al. demonstrated that dilute acid pretreatment led
to a 27% decrease in aliphatic hydroxyl content and a 25% increase in phenolic hydroxyl
content in switchgrass lignin (Samuel, Pu, Raman, & Ragauskas, 2010). Akim et al.
investigated structural features of lignins in wild type and COMT down-regulated transgenic
poplar and documented that COMT down-regulation (90% deficient) yielded a poplar lignin
with a lower content of syringyl and aliphatic OH group as well as an increased guaiacyl
phenolic OH amount when compared to the wild type control (Akim et al., 2001).

3.3.5. HSQC NMR Analysis

Two-dimensional heteronuclear single quantum coherence (HSQC) H-3C correlation
NMR is one of the most commonly applied techniques in structural characterization of lignin.
HSQC has an increased sensitivity of 3C nuclei by polarization transfer from abundant ‘H
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nuclei and also can avoid signal overlapping that usually occurs in one-dimensional (1D)
spectra. The application of HSQC NMR in lignin enables reliable assignments of proton and
carbon nuclei signals in lignin molecules. It is a very efficient tool for lignin structural
analysis which not only is useful for structural identification but also can provide estimation
of relative abundance of interunit linkages and monolignol composition in lignin from native
and genetically altered plants as well as pretreated biomass (Ralph & Landucci, 2010;
Balakshin, Capanema, & Chang, 2007; Ralph et al., 2006; Moinuddin et al., 2010; Rencoret
et al., 2008). HSQC analysis of lignin can be performed with solution of lignin in deuterated
dimethyl sulfoxide (DMSO-dg) by applying a 90° pulse width, a 1.0 -2.0 s pulse delay, a *Jc-n
of 145 Hz (i.e., CNST2), and 32 or more scans depending on the concentration of lignin
samples. The concentration of ~5-15% is usually used which requires at least ~25 mg of
lignin in 0.50 mL of DMSO-ds solvent. The lignin amount can be decreased dramatically to ~
5mg in ~ 0.15 mL of DMSO-d6 if a Shigemi NMR microtube is used, which still provides a
satisfactory S/N ratio in NMR spectra. Signals assignments and respective chemical shifts in
HSQC spectra for typical interunit linkages and/or subunits in lignin are shown in Table 21.

Aliphatic OH
A
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—
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Guai | OH
uatacy p-hydroxyphenyl OH

Syringyl OH i

150 145 140 PPrA

Figure 7. A quantitative 3'P NMR spectrum of a hardwood lignin derivatized with TMDP using N-
hydroxy-5-norbornene-2,3-dicarboximide as internal standard.

Table 19. Typical chemical shifts and signal assignments in a *C NMR spectrum of
lignin.(Robert, 1992; Drumond, Aoyama, Chen, & Robert, 1989; Pan, Lachenal,
Neirinck, & Robert, 1994)

3 (ppm) Assignment

193.4 C=0 in Ar-CH=CH-CHO; C=0 in Ar-CO-CH(-OAr)-C-
191.6 C=0in Ar-CHO

169.4 Ester C=0 in R’-O-CO-CH3

166.2 C=0 in Ar-COOH Ester C=0 in Ar-CO-OR

156.4 C-4 in H-units

152.9 C-3/C-3’ in etherified 5-5 units; C-a. in Ar-CH=CH-CHO units
152.1 C-3/C-5 in etherified S units and B ring of 4-O-5 units

151.3 C-4 in etherified G units with a-C=0

149.4 C-3 in etherified G units

149.1 C-3 in etherified G type B-O-4 units

146.8 C-4 in etherified G units

146.6 C-3 in non-etherified G units (B-O-4 type)

145.8 C-4 in non-etherified G units

145.0 C-4/C-4’ of etherified 5-5 units

143.3 C-4 in ring B of B-5 units; C-4/C-4’ of non-etherified 5-5 units
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Table 19. (Continued)
3 (ppm) Assignment
134.6 C-1 in etherified G units
132.4 C-5/C-5’ in etherified 5-5 units
131.1 C-1 in non-etherified 5-5 units
129.3 C-B in Ar-CH=CH-CHO
128.0 C-a and C-B in Ar-CH=CH-CH:0OH
125.9 C-5/C-5’ in non-etherified 5-5 units
122.6 C-1and C-6 in Ar-CO-C-C units
119.9 C-6 in G units
118.4 C-6 in G units
115.1 C-5in G units
114.7 C-5 in G units
111.1 C-2in G units
110.4 C-2in G units
86.6 C-a in G type B-5 units
84.6 C-B in G type B-O-4 units (threo)
83.8 C-B in G type B-O-4 units (erythro)
71.8 C-a in G type B-O-4 units (erythro)
71.2 C-a in G type B-O-4 units (threo); C-y in G type B-B
63.2 C-y in G type B-O-4 units with a-C=0
62.8 C-y in G type B-5, B-1 units
60.2 C-y in G type B-O-4 units
55.6 Cin Ar-OCHs
53.9 C-B in B-B units
53.4 C-B in B-5 units
40-15 CHjs and CH: in saturated aliphatic chain
Ar: aromatic.

Table 20. Chemical shifts and signals assignments in 3'P NMR spectra of lignin
(Zawadzki, 1999; Pu et al., 2011)
Chemical shift (ppm) Assignment
145.4 - 150.0 Aliphatic OH
137.6 —144.0 Phenols
140.2 — 1445 Cs substituted phenols
~143.5 beta—5
~142.7 Syringyl
~142.3 4-0-5
~141.2 5-5
139.0 — 140.2 Guaiacyl
~138.9 Catechol
~137.8 p-hydroxyphenyl
133.6 — 136.0 Carboxylic OH

While HSQC is typically not considered quantitative, it has been widely employed as a
to provide relative comparisons of structural features in lignin. For
interunit linkages comparison, side chain a-carbon contours in various linkages are usually
used for volume integration, and the relative abundance of each respective interunit linkage is
then calculated as the percentage of integrals of total linkages. For monolignol profiling
rs from S units (C26), G units (Cy), and H units (C,¢) are employed

semi-quantitative method

analysis, aromatic contou
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for volume integration. Figure 8 illustrates exemplary *H-13C correlation signals in aromatic
regions and aliphatic side chain ranges of lignin in a wild type switchgrass. Using HSQC
analysis, Samuel et al. investigated lignin structures of wild type and caffeic acid 3-O-
methyltransferase (COMT) down-regulated transgenic switchgrass (Samuel et al., 2014).
Compared to the wild type plant, COMT down-regulation resulted in a significant increase in
G units and formation of benzodioxane, as well as a concomitant decrease in S units and p-O-
4 ether linkage. Cao et al. characterized the structures of poplar lignin during dilute acid
pretreatment and observed a decrease in $-O-4 content and diminished cinnamaldehyde unit

after pretreatment (Cao et al., 2012).

Table 21. Chemical shifts and assignment of signals in HSQC spectra of lignin
(DMSO as solvent) (del Rio at el., 2008; Stewart, Akiyama, Chapple, Ralph, &

Mansfield, 2009; Ralph et al., 1999; Samuel et al., 2014)

8¢/0H (ppm) Assignment?

53.1/3.44 Cp/Hp in phenylcoumaran substructure (B)
53.6/3.03 Cp/Hg in resinol substructure (C)
55.7/3.70 C/H in methoxyl group

59.8/3.28,3.62 C,/Hy in B-O-4 ether linkage (A)
61.7/4.09 C,/Hy in cinnamy! alcohol (F)
62.3/4.08,3.95 C,/H, in dibenzodioxocin

62.8/3.76 C,/Hy in phenylcoumaran substructure (B)
71.1/3.77,4.13 C,/Hy in resinol substructure (C)
71.4/4.76 Co/Hq in B-O-4 linked to a G unit (A)
72.1/4.86 Co/Ha in B-O-4 linked to a S unit (A)
76.0/4.81 Co/Hq in benzodioxane

78.2/4.00 Cp/Hp in benzodioxane

81.4/5.1 Cp/Hp in spirodienone substructure
83.7/4.31 Cp/Hp in B-O-4 linked to a G unit (A)
84.2/4.69 Cd/Hq in dibenzodioxocin

84.7/4.7 Co/H. in spirodienone substructure
85.2/4.63 Co/Ha in resinol substructure (C)
86.3/4.13 Cp/Hp in B-O-4 linked to a S unit (A)
86.6/4.08 Cp/Hp in dibenzodioxocin

87.0/5.52 Co/Hq in phenylcoumaran substructure (B)
103.8/6.70 Ca,6/H2,6in syringyl units (S)

105.5/7.3 Ca,6/H2,6 in oxidized syringyl (S') units with C, = O
111.0/6.98 Ca2/Hzin guaiacyl units (G)

114.8/6.73 Css/Hs s in p-hydroxyphenyl units (H)
115.1/6.72, 6.98 Cs/Hs in guaiacyl units

119.1/6.80 Ce/Hg in guaiacyl units

128.0/7.17 Ca,6/H26 in p-hydroxyphenyl units
128.2/6.75 Cp/Hp in cinnamaldehyde unit (E)
128.3/6.45 Cqo/Ha in cinnamyl alcohol (F)

128.3/6.25 Cp/Hp in cinnamyl alcohol (F)

130.6/7.65, 7.87 Ca,6/H2,6 in p-hydroxybenzoate units (D)
153.6/7.62 Co/Ha in cinnamaldehyde unit (E)

2G: guaiacyl; S: syringyl; S" = oxidized syringyl with C,=0; H: p-hydroxyphenyl; A: B-O-4 ether linkage; B:
B-5/a-0O-4 phenylcoumaran; C: resinol (B-p); D: p-hydroxybenzoate; E: cinnamaldehyde; F: cinnamyl

alcohol.

Complimentary Contributor Copy




68 Yungiao Pu, Xianzhi Meng, Chang Geun Yoo et al.

50
Sa/s r100 OMe
g105 (&)} ’55
FA, G 110 60
CA,
Gs+Has [ P |
+pC'A3.-:-{ +FA, |F115 65
G 120
A 70
- H125
130 -75
PCAys
135 o
140 A -
PCAL+FA, r14s5 B
150 20
80 75 70 65 60 PPM 60 55 50 45 40 3.5 3.0 "P"

Figure 8. HSQC spectra of enzyme lignins isolated from switchgrass (Left: aromatic region; right:
aliphatic region) (Samuel et al., 2014). G: guaiacyl; S: syringyl; H: p-hydroxyphenyl; pCA: p-
coumarate; FA: ferulate; A: B-O-4 ether; B: phenylcoumaran; OMe: methoxyl.

CONCLUSION

Biomass characterization is a key and essential part in the area of biomass pretreatment
and conversion to biofuels, chemicals, and biomaterials. Many analytical methods have been
developed and applied in biomass characterization. There is not a single perfect method for
biomass characterization providing a complete picture of its structures and properties. Each
analytical approach has specific advantages and limitations. A combination of analytical
methods reviewed in this chapter yields a comprehensive picture of physical and chemical
properties of biomass, such as compositions, biomass accessibility, cellulose crystallinity and
ultrastructure, cellulose and hemicellulose molecular weights, and lignin molecular weights
and structures. The results from these analyses can help investigate and understand the
fundamental structures of plant biomass and chemistry in biomass pretreatment and
conversion process. It should be noted that besides the analytical methods reviewed in this
chapter, there are a number of methods which currently are also widely applied in biomass
characterization for surface properties and morphological properties, such as Raman
spectroscopy, atomic force microscopy, time-of-flight secondary ion mass spectrometry
(TOF-SIMS), and X-ray spectroscopy. The choice of optimal analytical strategy to give best
results depends on research objectives, biomass species, samples quantities as well as the
available instruments and other variables. New analytical methods which can generate new
structural information (such as LCC linkages) and/or allow comprehensive analysis with a
small amount of samples in a short experimental time are still needed and will have broad
applicability for biomass characterization during pretreatment and conversion.
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ABSTRACT

Lignocellulosic biomass is a potentially rich resource for carbohydrates for
biochemical conversion to biofuels. In this chapter, we outline the critical processing
steps for lignocellulosic biofuel production: pretreatment, enzymatic hydrolysis, and
mixed C5 and C6 ethanol fermentation. Pretreatment is necessary to convert the
recalcitrant cellulose in biomass into a more reactive form. Both acid and alkali
chemistries can be used to remove hemicellulose, remove and/or rearrange the lignin, and
improve the accessibility of the B—1-4 glycosidic bonds that form the cellulose polymer
to enzymatic attack. Enzymatic hydrolysis of cellulose requires multiple enzyme
activities that work in concert to completely depolymerize cellulose to fermentable
glucose. While glucose is the predominant sugar in lignocellulosic biomass, xylose from
hemicellulose represents up to 40% of the total sugars. Fermentation to biofuels requires
complete conversion of this five carbon sugar along with glucose in order for the process
to be economically viable.

Keywords: pretreatment, cellulose, cellulase, fermentation, saccharomyces, distillation

1. INTRODUCTION

For the past few decades, significant efforts have been focused on developing
technologies for the biochemical conversion of lignocellulose to liquid transportation fuels

* Corresponding author: mosiern@purdue.edu.
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and chemicals (Jin et al., 2016; Jonsson, Alriksson, & Nilvebrant, 2013; Mosier et al., 2005;
Ximenes, Kim, & Ladisch, 2013). The most prevalent utilization is conversion of
lignocellulose to bioethanol production. Bioethanol is of great importance to complement
gasoline use in the US (Lichts, 2011). Brazil and the United States lead the industrial
production of ethanol fuel, accounting together for 83.4 percent of the world's production in
2014 (Renewable Fuels Association, 2015). However, corn starch and sugar cane sucrose are
the primary sources of fermentable sugars while lignocellulose provides a small fraction of
that total. Yue et al. gives a summary of current main commercial-scale cellulosic ethanol
projects in the world in Table 1 (Yue, Wu, & Lin, 2014).

Table 1. Commercial-scale cellulosic ethanol projects worldwide

(based upon Tables 1 and 2 from Yue et al., 2014)

Company & Capacity Feedstock & Process Technology Operation
Country (k ton/year) Product Year
Longlive, China 50 Corn cob residue; Xylose isolated after 2012
Ethanol + xylitol dilute acid pretreatment
for xylitol production,
residue via enzymatic
hydrolysis to hexose,
fermentation to ethanol.
Shengquan, 20 Corn cob residue; Xylose isolated after 2013
China Ethanol+furfural dilute acid pretreatment
for furfural production,
enzymatic hydrolysis to
hexose, fermentation
to ethanol
Beta- 60 Arundo; Steam explosion, Oct. 2013
Renewable, Italy Ethanol & power enzymatic hydrolysis,
C5/C6 co-fermentation
Ineos bio, US. 24 Plants and wood Gasification & bacterial Aug. 2013
waste; fermentation to ethanol
Ethanol & 6MW
power
POET-DSM, 75 Corn stover/cob; Dilute acid pretreatment 2014
Us. Ethanol & biogas enzymatic hydrolysis
C5/C6 co-fermentation
Abengoa, US. 75 Corn stover, wheat Dilute acid pretreatment 2014
straw; enzymatic hydrolysis
Ethanol & 18MW C5/C6 co-fermentation
power
Tianguan, China 40 Corn stover, wheat Batch steam explosion, 2014
straw; enzymatic hydrolysis,
Ethanol + biogas hexose fermentation to
ethanol, pentose to biogas
DuPont, US. 83 Corn stover/cob; Ammonia pretreatment, 2015
Ethanol enzymatic hydrolysis,
C5/C6 co-fermentation
Beta- 60 Miscanthus, Steam explosion, 2015
Renewables, Switchgrass; enzymatic hydrolysis
Us. Ethanol C5/C6 fermentation
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Lignocellulose refers to plant cell wall tissues of woody crops, agricultural residuals,
energy crops, and municipal solid wastes. Cellulose, hemicellulose, and lignin are the
three main components of lignocellulosic materials (Rowell, 2012). Cellulose accounts for
approximately 40-50% of dry weight of biomass (Mosier et al., 2005; Rowell, 2012).
Cellulose is composed of linear polymers of D-glucose subunit linked by B-1,4 glycosidic
bonds that form linear microfibrils of approximately 30-40 hydrogen bonded chains. These
microfibrils have highly crystalline structures with native polymerization of approximately
10,000-15,000, which the plant assembles into larger structures in the cell wall (Yang, Dai,
Ding, & Wyman, 2011).

Hemicellulose accounts for 23-35% of the dry weight in lignocellulosic biomass. Unlike
cellulose, hemicellulose is a branched polymer with a linear backbone consisting typically of
xylose. The branching side chains of hemicellulose can contain subunits such as D-xylose,
D-mannose, D-galactose, D-glucose, L-arabinose, D-galacturonic, D-glucuronic, and 4-O-
methyl-glucuronic acids as well as non-glycosides such as ferulates and p-coumarates
(Carvalheiro, Duarte, & Girio, 2008). Hemicellulose structure and composition varies
significantly across major plant types (Zhao, Zhang, & Liu, 2012).

Lignin makes up approximately 15-28% of lignocellulosic biomass and is physically
and/or chemically linked to both cellulose and hemicellulose to form a physical seal in the
plant cell wall which improves plant strength and stiffness (Ritter, 2008). The phenyl
propanoid subunits of lignin are covalently linked to form an amorphous heteropolymer that
is not water soluble (Pérez, Munoz-Dorado, de la Rubia, & Martinez, 2002). Lignin has a
complex structure with multiple types of bonds; the lignin molecule is random polymerized
from three main subunits: p-coumaryl alcohol (hydroxyphenyl units, H), coniferyl alcohol
(guaiacyl units, G), and sinapyl alcohol (sinapyl units, S). The random cross-linked subunits
build up the amorphous three-dimensional lignin molecule biologically by enzyme-catalyzed
oxidation (Boerjan, Ralph, & Baucher, 2003; Freudenberg & Neish, 1968; Hu et al., 1999;
Humphreys & Chapple, 2002).

Microbes

Feedstock Enzymes Fuel
eedstoc vl (Yeast, Bacteria) L‘ie
Feedstock . . .
eeds O.C Pretreatment Hydrolysis Fermentation Separations
Preparation
Energy ~——— Combustion ngr?m—nch
Residue

Co-products

Figure 1. Block flow diagram of major unit operations in producing cellulosic ethanol.
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Nearly all of the cellulosic bioethanol currently produced is made through a biological
conversion pathway that consists of three unique processing steps: 1) pretreatment to disrupt
the lignin and plant cell wall structure of lignocellulose, 2) enzymatic hydrolysis to release
fermentable sugars from the cellulose and hemicellulose, and 3) bacterial or yeast
fermentation to convert a mixture of 5 and 6 carbon sugars to ethanol (Figure 1).

This chapter will provide a review of current technologies and the current understanding
of how these three processing steps make the production of cellulosic ethanol technologically
and economically feasible. To make the process technically feasible, pretreatment is a key
step which increases the enzyme-accessible surface area and reactivity of cellulose in order to
enhance the subsequent enzymatic hydrolysis yields and rates of release of fermentable sugars
(Sousa, Chundawat, Balan, & Dale, 2009; Mosier et al., 2005; Severian, 2008). The
pretreated lignocellulosics are hydrolyzed by a complex mixture of enzymes that act
synergistically to fully hydrolyze cellulose to fermentable glucose. Improvements to the
production of these enzymes and the tailoring of the exact ratio of enzymatic activities to
maximize yields and rates also have been crucial accomplishments to enable commercial
production of cellulosic ethanol (Bras et al., 2011; Wyman, 2013). The polysaccharides in
lignocellulose, cellulose and hemicellulose, contain both C6 and C5 sugars (primarily glucose
and xylose), both of which must be fermented to ethanol at yields, rates, and final titers that
allow recovery of fuel-grade ethanol, economically. Since ho known microorganism in nature
possess the appropriate characteristics, significant efforts were made to develop novel
ethanolagens (yeast and bacteria) capable of effectively producing ethanol from the mixture
of sugars found in lignocellulose. Utilization of the separation stream products such as lignin-
rich residue or byproducts derived from pretreatment such as furfural and 5-
hydroxymethylfurfural is a research hotspot as these unutilized products would make
bioethanol process more cost-effective (Ragauskas et al., 2014).

2. BIOMASS PRETREATMENT PROCESS

2.1. Necessity of Biomass Pretreatment and Source of Cellulose Recalcitrance

Plants naturally synthesize cell walls that are resistant to microbial and fungal
degradation, as a result of which the complex polymer matrix of the plant cell wall resists the
action of fungal or bacterial enzymes that hydrolyze cellulose and hemicellulose into
monosaccharides. Due to this resistance-termed ‘recalcitrance’ - typical yields of glucose by
enzymatic hydrolysis of native cellulose in minimally processed plant matter average below
10% (Mosier et al., 2005; Wyman et al., 2011). Pretreatments have been correspondingly
developed to 1) enhance the rate of hydrolysis, 2) enhance the yield of monosaccharides from
cellulose and hemicellulose, 3) lower the amount of enzymes needed to accomplish 1, 2, and
4) improve the material handling of the lignocellulose through the downstream processing
steps (Kumar, Mago, Balan, & Wyman, 2009; Mosier et al., 2005; Zhu & Pan, 2010). Yang
& Wyman pointed out the cellulose after pretreatment should achieve higher than 90% yields
of sugar after 72 h enzymatic hydrolysis with enzyme loading less than 10 FPU/g cellulose
(Yang & Wyman, 2008). Pretreatment processes reduce recalcitrance through a combination
of carbohydrate (cellulose and/or hemicellulose) solubilization and depolymerization and the
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removal or relocation of lignin, the mechanism varying between processes. The removal of
hemicellulose from the microfibrils is thought to expose the crystalline cellulose core, which
can be further hydrolyzed by cellulase enzymes. In addition, as the macroscopic rigidity of
biomass is interrupted, the physical barriers to mass transport are decreased significantly
(Himmel et al., 2007).

Lignin binds cellulosic fibers together in a composite structure with excellent mechanical
and water resistive properties, but also reduces the accessibility of cellulose to enzymes
(Wyman et al., 2005). Various studies reported cellulose hydrolysis was improved with
increasing lignin removal, although differences were reported in the degree of lignin removal
needed (Chum et al., 1988; Converse, 1993; Grethlein, 1984; Yang, Boussaid, Mansfield,
Gregg, & Saddler, 2002). Douglas-fir was pretreated by 1% H20, to remove 90% of lignin
and 45% hydrolysis improvement was achieved (Yang et al., 2002). With the same feedstock,
by using pressurized oxygen and 15% NaOH, 84% lignin was removal and gave a 55%
hydrolysis improvement (Pan, Zhang, Gregg, & Saddler, 2004). Another significant limitation
of the effect of lignin is on swelling of the cell wall matrix through hydration, which
then limits the accessibility of the cellulose to the enzymes (Mansfield, Mooney, & Saddler,
1999; Mooney, Mansfield, Touhy, & Saddler, 1998). Lignin has been shown to partially
depolymerize and then redeposit on the surface of the cellular matrix during pretreatment,
although no doubt in a different morphology that changes the impact of the lignin on cellulose
digestion (Donohoe, Decker, Tucker, Himmel, & Vinzant, 2008; Ramos, Nazhad, & Saddler,
1993; Shevchenko, Beatson, & Saddler, 1999). Researchers also find the relocation of lignin
through pretreatment also make significant improvement of hydrolysis even the lignin is
removal by a small portion. For example, when douglas-fir was treated by cold 1% NaOH,
only 7% of lignin was removed but yields a 30% improvement for hydrolysis (Pan, Xie,
Gilkes, Gregg, & Saddler, 2005). The removal of lignin not only increased cellulose
accessibility but also allowed more cellulase action (Chum et al., 1988). Kawamoto et al.
found that lignin and its derivatives favored in precipitation and bonding with protein, and
lignin in the condensed phase can adsorb protein from aqueous solutions (Kawamoto,
Nakatsubo, & Murakami, 1992). Multiple phenomenon observed through studies show lignin
can irreversible adsorb cellulase physically and chemically, which make the hydrolysis step
inefficient (Lu, Yang, Gregg, Saddler, & Mansfield, 2002). To overcome this problem,
removal of lignin is a reasonable choice to facilitate enzyme hydrolyze cellulose and avoid
enzyme nonspecific adsorption of lignin (Chum et al., 1988).

The chemical makeup and structure of lignin also affects the digestibility of the cellulose
in plant tissue. Lignin that has altered monomer ratios through changes in the genes that
synthesize these monomers (H, G, and S lignin units) has been shown to either decrease or
increase recalcitrance to saccharification. Specifically, the ratio of syringyl to guaiacyl
subunits (S/G ratio) in the lignin has been shown to be significant. Hybrid polar with S/G
ratio of 1.8 showed higher xylose release resulting from dilute acid hydrolysis compared to
native poplar with S/G ratio of 2.3, even though the total lignin content was approximately
the same (Davison, Drescher, Tuskan, Davis, & Nghiem, 2006).

In addition to lignin, the structure and presence of hemicellulose affects the ability
of cellulolytic enzymes to release fermentable sugars from cellulose. Separation of
hemicellulose from cellulose also enhances pore size as well as reduces the cellulose
crystallinity. Both aspects make the cellulose hydrolysis step more efficient (Galbe & Zacchi,
2007). Besides, removing hemicellulosic sugars separated from the cellulosic sugar (glucose)
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results in two different processing streams that contain fermentable sugars. This can add to
overall processing costs. Hemicellulose is naturally acetylated in many varieties of biomass
and the degree of acetylation has been shown to correlate negatively with cellulose
digestibility (Kumar & Wyman, 2009a). Hemicellulose deacetylation can significant increase
the cellulose digestibility; however, the degree of hemicellulose deacetylation to make
significant cellulose digestibility is controversial (Teixeira, Linden, & Schroeder, 2000; Kim
& Lee, 2005). Yang et al. in his review summarized some conflict conclusions from multiple
groups on degree of removal of hemicellulose in effective changing the cellulose digestibility
(Yang et al., 2011). Grohmann et al. pointed out the after removal of 75% of acetyl groups,
the effectiveness is digressive; while Kong et al. reported there is improvements up to full
removal of hemicellulose (Grohmann, Mitchell, Himmel, & Dale, 1989; Kong, Engler, &
Soltes, 1992). This is hypothesized to be because lignin can physically and chemically
interact with the acetyl groups which may hinder hydration of the matrix and removal of the
lignin (Chang & Holtzapple, 2000).

Pretreatment processes are also optimized to minimize degradation of the sugars into
non-fermentable compounds. For example, when harsh condition are used, degradation of C5
and C6 sugars will generate furan derivatives. Sufficient amounts of any by-products
generated through the pretreatment step can severely inhibit the downstream processing steps
like enzymatic hydrolysis and microbial fermentation. The inhibitors can be classified as
mainly four categories: phenolic compounds, weak acids, furan derivatives, and inorganic
compounds (Casey, Sedlak, Ho, & Mosier, 2010).

Pretreatment processes should be able to treat biomass from a wide varieties of plant
sources and enable biorefinaries to utilize a variety of feedstocks as growing seasons,
availability, and costs change over time. For example, acid-catalyzed pretreatments are more
effective across variations in lignocellulose sources and characteristics, but it is relatively
expensive (Mosier et al., 2005). Alkali-catalyzed pretreatment is effective in reducing the
lignin content for agricultural residues but less effective on softwoods (Chandra et al., 2007).

2.2. Mechanisms of Pretreatment

The major obstacle in effective lignocellulose utilization is its unreactivity, specifically
towards depolymerizing enzymes. Pretreatments increase the digestibility of substrates by
different mechanisms; however, it is clear that the increase of cellulose accessibility is
resulted by modification of chemical compositions in couple with alteration of physical
structures. Increasing accessible surface area of cellulose to cellulases is the primary objective
of pretreatment. Accessibility of the substrate to the cellulolytic enzymes is one of the major
factors influencing hydrolysis process. Thus, one of the main objectives of the pretreatment is
to increase the available surface area for the enzymatic attack. Previous studies have
concluded that the pore size of the substrate in relation to the size of the enzymes is the main
limiting factor in the enzymatic hydrolysis of lignocellulosic biomass (Chandra et al., 2007).
Pretreatment processes can significantly increase porosity in the biomass which improves the
hydrolysis rates and yields. Several review papers pointed out the role of glucan accessibility
and its change with conversion, with a few studies showing that glucan accessibility becomes
limiting with conversion (Kim, Jia, & Wang, 2006) and others showing no significant
decrease of accessibility with conversion or even no change at all (Kumar & Wyman, 2009b).
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Table 2. Methods for lignocellulosic pretreatment

(Compiled from Verardi et al., 2012, Kumar et al., 2009, and Mosier et al., 2005)

Pretreatment Method Operating Advantages Disadvantages
conditions
Physical Chipping Room Reduces cellulose Power
Grinding temperature crystallinity consumption
Milling Energy input < higher than
30Kw per ton inherent
biomass biomass energy
Chemical Steam 160-260°C (0. Causes Destruction of a
pretreatment 69- 4.83MPa) for | hemicellulose auto portion of the

supercritical
Carbon dioxide

5-15 min hydrolysis and lignin | xylan fraction;
transformation; incomplete
cost-effective for disruption of the
hardwoods and lignin-
agricultural carbohydrate
residues matrix; generation

of inhibitory
compounds; less
effective for
softwoods
COzexplosion 4 kg CO2/kg Increases accessible It is not suitable
fiber at 5.62 Mpa | surface area, does not | for

160 bar for 90 cause formation of biomass with high

min at 50°C inhibitory lignin content

under compounds (such

as woods and nut
shells). Does not
modify lignin
neither hydrolyze
hemicelluloses

energy demand

Liquid hot 200-230°Cupto | Reduces lignin Generate acetic
water 15 min content; removes acid and other
most of the organic acids.
hemicellulose; no
need to neutralize the
waste; no chemical
cost.
Ozonolysis Room Reduces lignin Expensive for the
temperature content; does not ozone required
produce toxic
residues
Wet oxidation 148-200°C for 30 | Efficient removal of High cost of
min lignin; low oxygen
formation of and alkaline
inhibitors; low catalyst

AFEX 90-140°C for 30 | Increases accessible Does not modify
(Ammonia fiber | min.1-2 kg surface area lignin
Expansion) ammonia /kg neither hydrolyzes
dry biomass hemicellulose;
ARP (Ammonia | 150-170°C for 14 | Increases accessible Does not modify
Recycled min. Fluid surface area, lignin neither
Percolation velocity 1 removes lignin and hydrolyzes
method) ml/min hemicellulose hemicellulose;
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Table 2. (Continued)

Pretreatment Method Operating Advantages Disadvantages
conditions

Acid Type I: Hydrolyzes Equipment
hydrolysis: T>160°C, hemicellulose to corrosion;
dilute-acid continuous-flow | xylose and other formation of toxic
pretreatment process for low sugar; alters lignin substances

solid structure

loading 5-10%,)-

Type ll: T<

160°C,

batch process for

high solid

loadings

(10-40%)
Alkaline Room Removes Residual salts in
hydrolysis temperature; hemicelluloses and biomass

Long time high. lignin; increases

Concentration of | accessible surface

the base; For area

soybean straw:
ammonia liquor
(10%) for 24 h at

room
temperature
Organosolv 150-200°C with Hydrolyzes lignin and | High costs due to
or thout addition | hemicelluloses the solvents
of catalysts recovery
(oxalic,
salicylic,
acetylsalicylic
acid)
Biological Several fungi Degrades lignin Slow hydrolysis
(brown-, white- and hemicelluloses; rates

and soft-rot fungi | low energy
requirements

A wide spectrum of pretreatment protocols has been investigated for hydrolysis and only
a few of these have been developed sufficiently to be called technologies. A variety of
pretreatment procedures have been evaluated for their effectiveness towards cellulose
biodegradation and possibly the suitability of pretreatment procedures may vary depending on
the raw material selected. Kumar et al. has summarized some major pretreatment technologies
(Table 2). The selection of a pretreatment method has an impact on the subsequent enzymatic
hydrolysis and must be based on various considerations. To commercialize pretreatment
technology, the economic and technical aspect will account great potential. For example,
biological pretreatment, which is known for delignification by using enzymes such as lignin
peroxidase, manganese peroxidase, and laccase which can be derived from fungi, has a
significant disadvantage that large amount of space and substantial longer residence time (10-
14 days) are required which make it less attractive and difficult to commercialize (Himmel et
al., 2007).

No matter which pretreatment technology is used, a pre-pretreatment step, called physical
pretreatment, is widely adopted. Physical pretreatment refers to the process of mechanical
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comminution by a combination of chipping, grinding, and milling (Mosier et al., 2005). The
size of the feedstock is usually 10-30 mm after chipping and 0.2-2 mm after milling or
grinding (McMillan, 1997). Size reduction is associated with increase of specific surface area
(SSA) (Zhu, 2011). Yeh et al. studied that after media milling, particle size of
microcrystalline cellulose was decreased from 25.52um to 0.78um and the SSA increased
from 0.24 m?/g to 25.50 m?/g (Yeh, Huang, & Chen, 2010).

Mosier et al. summarized the features of promising technologies for pretreatment of
lignocellulosic biomass (Mosier et al., 2005), in which several pretreatment technologies
were described in detail. In this chapter, in regard to large scale application for practical
applications in biorefineries, the pretreatment technologies mainly fall into three categories:
acidic pretreatment, alkaline pretreatment, and solvent assisted pretreatment.

2.3. Acid-Catalyzed Pretreatment

Acid-catalyzed pretreatment of biomass has long been recognized as a critical technology
to produce materials with acceptable enzymatic digestibilities (digestibilities >80% are
routinely obtained) (Schell, Farmer, Newman, & McMillan, 2003). Acid-catalyzed
pretreatments are usually further classified by whether or not Brgnsted acid catalysts, such as
sulfuric or hydrochloric acid, are added or whether the acidic environment of water at high
temperatures or the acids released from the biomass (e.g., acetic acid from acetylated
hemicellulose) are the catalytic agents (Mosier et al., 2005).

The uncatalyzed steam explosion is conducted by using high-pressure saturated
steam and the pressure is swiftly reduced, making the materials undergo an explosive
decompression (Sun & Cheng, 2002). Steam explosion has been described as a thermo-
mechano-chemical process, because the massive disruption of lignocellulosic structure is
aided by heat of steam (thermo), shear forces due to the expansion of moisture (mechano),
and hydrolysis of glycosidic bonds (chemical) (Chornet & Overend, 1991), which leads to
cleavages of some accessible glycosidic links, B-ether linkages of lignin and lignin-
carbohydrate complex bonds, and minor chemical modifications of lignin and carbohydrate
(Glasser & Wright, 1998). More specifically, during auto-catalyzed steam explosion, a
significant portion of the hemicellulose is hydrolyzed and releases organic acids such as
acetic acid and uronic acid (Jeoh, 1998). Under acidic conditions, lignin is partially degraded
through the hydrolytic cleavage of B-O-4 ether and other acid-labile linkages (Ramos, 2003).
The cellulose surface becomes exposed after hemicelluloses are removed from the micro
fibrils (Kabel, Bos, Zeevalking, Voragen, & Schols, 2007). During steam pretreatment, lignin
is not removed from the solid matrix but it is redistributed on the fiber surfaces because of
melting and depolymerization and repolymerization reactions (Li, Henriksson, & Gellerstedt,
2007). However, sugar degradation also inevitably happens during steam explosion to form
furfural and 5-hydroxymethylfurfural, both of which show strong inhibitions to
microorganisms in subsequent fermentations.

Similar to steam explosion pretreatment, liquid hot water pretreatment uses water as
media to pretreat biomass under pressures to maintain the water in the liquid state at elevated
temperatures (Kumar, Barrett, Delwiche, & Stroeve, 2009; Mosier, Hendrickson, Ho, Sedlak,
& Ladisch, 2005; Weil et al., 1997). This pretreatment is also sometimes called
hydrothermolysis. It removes approximately 40-60% of the total biomass with 4-22% of the
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cellulose and nearly all of the hemicellulose to form liquid soluble oligosaccharides
(Athmanathan, Emery, Kuczek, & Mosier, 2015). The decrease in cellulose crystallinity,
lower association of cellulose with lignin, and depolymerization of cellulose by liquid hot
water pretreatment also contribute to the enhancement of cellulose accessibility (Kumar et al.,
2009). Organic acids are formed by cleavage of O-acetyl and uronic acid substitutions from
hemicellulose, which further help to catalyze hemicellulose solubilization (Mosier et al.,
2005). Most of the acetyl groups can be cleaved at high temperature, whereas only partial
deacetylation is found to occur at moderate treatment temperature (Tjeerdsma & Militz,
2005). Lignin is partially depolymerized and solubilized but complete delignification is not
possible using hot water alone, since water cannot dissolve lignin well (Donohoe, Decker,
Tucker, Himmel, & Vinzant, 2008).

Dilute aqueous acid pretreatment has received considerable attention over the past several
decades. It is the main technology used in the commercial scale cellulosic bioethanol
production facility. In dilute acid pretreatment, a mineral acid such as sulfuric acid, is
dissolved in water to a concentration in between 0.5% to 5% (w/w). As is true for all acid-
catalyzed pretreatments, hemicellulose is hydrolyzed to monosaccharides and the sugars can
be further degraded to form other products such as furfural and 5-hydroxymethylfurfural. It
has been thought that the increase of cellulose accessibility by dilute acid pretreatment is
mainly attributed to the removal of hemicellulose; however, dilute acid pretreatment under
mild conditions (<120°C) can remove most of hemicellulose, but the cellulose digestibility is
only somewhat increased (Xu, Zhang, Sharma-Shivappa, & Eubanks, 2012; Zhao et al., 2012;
Xiao, Zhang, Wang, Niu, & Han, 2015). Higher temperature should be employed to further
disrupt the biomass structure, especially lignin. Therefore, effective dilute acid pretreatment is
usually conducted at temperatures between 160 and 220°C for periods ranging from minutes
to seconds to significantly disrupt and redistribute lignin in cell wall (Yang & Wyman, 2004).
However, under acid conditions, lignin can quickly condense and precipitate onto solid
surface and this condensation reaction become more pronounced with higher acid
concentrations or at higher reaction temperatures (Shevchenko, Beatson, & Saddler, 1999).
The monomeric sugars under acidic condition also tend to have condensation reaction which
makes side reaction products called humins (Zhang, Hewetson, & Mosier, 2015; Hu, Jung, &
Ragauskas, 2012; Kumar et al., 2013; Sannigrahi, Kim, Jung, & Ragauskas, 2011).

2.4. Alkaline Pretreatment

Alkaline pretreatment involves the processes with various alkalis or bases such as NaOH,
KOH, aqueous ammonia, and lime to pretreat biomass. It is believed that during alkaline
pretreatment the intermolecular ester bonds cross-linking xylan hemicellulose and lignin are
saponified, thus resulting in delignification of biomass (Sun & Cheng, 2002). Removal of
lignin increases access to the remaining polysaccharides and eliminates nonproductive
adsorption of cellulases (Zhang, Xu, & Cheng, 2011). Alkaline pretreatment also causes the
depolymerization of lignin molecules by cleavage of inner-molecular a- and B-aryl ether
linkages, which essentially contributes to lignin degradation (Xu, Zhang, & Cheng, 2012).
Especially, the cleavage of B-O-4 linkages leads to the formation of new phenolic hydroxyl
groups, causing substantial decrease in the molecular mass of residual lignin and imparting it
a more hydrophilic character (Naik, Goud, Rout, & Dalai, 2010). Moreover, during alkaline
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treatment, cellulose undergoes some hydration, depending on the reaction temperature and
alkali concentration. Alkalis are good agents to swell cellulose and alter cellulose crystalline
polymorphs (Agbor, Cicek, Sparling, Berlin, & Levin, 2011).

Alkali pretreatment may be carried out at room temperature, but pretreatment times at
these low temperatures are measured in terms of hours or days rather than minutes or seconds
(Mosier et al., 2005; Kumar et al., 2009; Zhang, Xu, & Cheng, 2011). This is because during
alkaline pretreatment, some of the alkali is irreversible converted to salts or incorporated as
salts into biomass (Chou, Lu, & Lee, 2005).

Pretreatment processes based on alkaline rapid decompression have been proposed with
considerable success. The alkaline process, known as ammonia fiber expansion (AFEX),
partially displaces hemicellulose and lignin to the surface of the biomass, generating walls
that are considerably more amendable to enzyme hydrolysis (Alizadeh, Teymouri, Gilbert, &
Dale, 2005; Chundawat et al., 2011). During the pretreatment, lignocellulosic materials is
permeated with liquid ammonia followed by increasing temperature to about 90°C or above
(Mosier et al., 2005; Kumar et al., 2009). The formed gas ammonia interacts with biomass
under pressure and the pressure is then rapidly released, which results in cellulose
decrystallization, hemicellulose prehydrolysis, and alternation of lignin structure (Chundawat
etal., 2011).

2.5. Solvent-Assisted Pretreatment

Solvent-assisted pretreatments mainly fall in two categories: organosolv and cellulose-
solvent-based pretreatments. Organosolv pretreatment refers to the process to pretreat
lignocellulosic feedstocks in organic solvents or their aqueous solution systems with or
without added catalysts in temperature range of 100-250°C (Zhao et al., 2009). Organosolv
pretreatment uses solvents such as methanol, ethanol, acetone, ethylene glycol, triethylene
glycol, and phenols (Galbe & Zacchi, 2007). In a typical experiment, the solvent (such as
ethanol) mixed with water (~40-60: 50 w/w), added sulfuric acid as catalyst, with a liquid to
solid ratio of 7-10:1 with desired temperature (Pan et al., 2005). Organosolv pretreatment
extensively removes lignin and hemicellulose, with resulting increase of accessible surface
area and pore volume. The biomass structure becomes loosened after organosolv pretreatment
due to lignin and hemicellulose dissolution thus increasing the adsorption of cellulase
enzymes onto solid substrates (Koo et al., 2011). The lignin degradation and dissolution
during organosolv pretreatment are mainly attributed to the hydrolysis of the internal bonds in
lignin as well as lignin-hemicellulose bonds (ether and 4-O-methylglucuronic acid ester
bonds to the a-carbons of the lignin units) (Zhao et al., 2009). More specifically, cleavage of
ether linkages is the major factor in lignin breakdown.

In recent years, pretreatment of lignocellulosic biomass based on cellulose solvents has
attracted attention due to the substantial increase of cellulose hydrolysis rate and degree after
pretreatment. The solvents that have received the most attention in pretreatment of
lignocellulose are concentrated phosphoric acid (CPA) and ionic liquids (IL). A biomass
fractionation process based on CPA has been successfully applied to pretreat pure cellulose
substrate, corn stover, switchgrass, hybrid poplar, douglas fir, reed, and bamboo (Zhang et al.,
2007). For corn stover, before CPA treatment, the plant cell wall structures and elementary
cellulose fibers can be clearly identified, but after pretreatment, no fibers structures can be
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observed, which indicates that CPA not only disrupts all linkages among cellulose,
hemicellulose, and lignin, but also breaks up the orderly hydrogen bonds among glucan
chains (Zhang et al., 2007). After precipitated from CPA, cellulose becomes completely
amorphous and contains little lignin and hemicellulose. This amorphous cellulose thus shows
a very high hydrolysis rate even with an enzyme loading as low as 5 FPU/g glucan, because
of the breakup of highly ordered hydrogen-bonding networks and resulting significant
increase of accessible surface area (Sathitsuksanoh, Zhu, Wi, & Zhang., 2011).

IL is another solvent for cellulose dissolution, since ILs can dissolve large amount of
cellulose under considerably mild conditions (Dadi, Schall, & Varanasi, 2007; Dadi,
Varanasi, & Schall, 2006; Zheng, Pan, & Zhang, 2009). Some hydrophilic ionic liquids, for
example, 1-butyl-3-methylimidazolium chloride (BMIMCI) and 1-allyl-3-methylimidazolium
chloride (AMIMCI) were proven to be effective ILs for biomass pretreatment (Zhu et al.,
2006; Zhu, 2008). After regeneration from solution, the regenerated cellulose has the same or
lower DP compared with the initial cellulose, but significantly different macro and micro
structure, especially for the degree of crystallinity (Dadi et al., 2007; Dadi et al., 2006). Being
similar to CPA, ILs increase cellulose accessibility by breakup both inter- and intra-
molecular hydrogen bonds networks, resulting in the increase of accessible binding sites of
cellulose for cellulase enzymes. While cellulose solvents are highly effective at producing
very reactive cellulose, the costs of the solvents and/or the costs for recycling the solvents
have hindered the adoption of these approaches beyond the laboratory scale.

Shi et al. demonstrated a one-pot, wash-free process with combined the IL pretreatment
and saccharification into a single vessel (Shi et al., 2013). 1-ethyl-3-methylimidazolium
acetate ([C2mim][OAc]) was used to treat switchgrass, and then subsequently water diluted to
a IL slurry with concentration of 10%. The thermostable IL tolerant enzyme cocktail (enzyme
loading of 5.75 mg g of biomass) was added to directly hydrolyze the slurry. The glucose
and xylose were liberated at yield of 81.2% and 87.4% after 72 h at 70°C and separated by
liquid-liquid extraction with over 90% efficiency. The one-pot, wash-free approach reduces
the cost of the IL solvents and recycling steps and makes IL pretreatment promising for
further development.

Pretreatment typically solubilizes a fraction of the available carbohydrates and renders a
larger fraction vulnerable to enzymatic action. It is followed by the conversion of the
polysaccharides into more soluble monosaccharides, typically termed hydrolysis.

3. ENZYMATIC HYDROLYSIS USING BIOMASS DEGRADING ENZYMES

Enzymatic hydrolysis refers to the process of depolymerizing carbohydrates to
monomeric sugars by means of a protein catalyst with high selectivity operating under mild
temperatures and pH. Enzymatic hydrolysis using amylases is typically carried out to convert
grain starches into monosaccharides. In case of lignocellulose, it involves the conversion of
cellulose and hemicellulose into their component monosaccharides using a family of enzymes
collectively termed ‘(hemi) cellulases’. Compared to enzymatic hydrolysis, chemical
hydrolysis, mainly referring to acid hydrolysis, requires harsh reaction conditions, resulting
in low selectivity due to side reactions with monosaccharides and equipment corrosion
(Rinaldi & Schith, 2009; Bhosale, Rao, & Deshpande, 1996; Yang et al., 1996). However,
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commercialization of enzymatic hydrolysis in industry faces several issues, chiefly the low
stability of the enzyme under extreme reactions conditions and difficulties in its recovery and
purification for re-use (Verardi, Ricca, De Bari, & Calabro, 2012).

3.1. Cellulase Mechanistic Action during Enzyme Hydrolysis

Cellulase is a combination of enzymes mainly includes endoglucanases, exoglucanases
or cellobiohydrolase, and B-glucosidase. During the hydrolytic process, insoluble cellulose
is first depolymerized by endoglucanases and cellobiohydrolases to release shorter
oligosaccharide molecules synergistically. The released short chains (short cello-
oligosaccharides and cellobiose) are further cleaved by B-glucosidase to generate soluble
glucose. The accessory enzymes such as hemicellulases and pectinases also synergistically
facilitate the cellulose decomposition.

3.2. Fungal vs. Bacterial Based Cellulase

In order to significantly improve the efficiency of enzymatic hydrolysis of cellulosic
biomass and lower costs, approaches have been taken to find more robust enzymes and
advance the understanding of enzyme interactions with cellulosic biomass. In nature, various
cellulolytic microorganisms produce enzymes that function synergistically and associate with
the microorganism (such as cellulosomes) or act independently (such as most fungal and
many bacterial cellulases).

Based on different composition of lignocellulose, corresponding enzymes are discovered
responsible to degrade the lignocellulosic components to monomers. Table 3 lists various
enzymes effective in degrading the corresponding biopolymers in biomass. However,
researchers found it is not limited to the enzymes listed in Table 3 that are responsible for
degradation of the corresponding biopolymer, some proteins may also contribute the
degradation with unclear mechanism. For example, a protein named Zea h secreted from Z.
mays itself doesn’t have cellulase activity but has synergistic effect with cellulases on
cellulose hydrolysis (Han, & Chen, 2007).

Table 3. Major enzyme for degrading lignocellulose
(Table 2 from Van Dyk & Pletschke, 2012)

Lignin Laccase, Manganese peroxidase, Lignin Peroxidase

Pectin Pectin methyl esterase, pectate lyase, polygalacturonase,
rhamnogalacturonan lyase

Hemicellulose Endo-xylanase, acetyl xylan esterase, B-xylosidase, endo-mannanase, -

mannosidase, a-L-arabinofuranosidase, a-glucuronidase, ferulic acid
esterase, a-galactosidase, p-coumaric acid esterase

Cellulose Cellobiohydrolases, endoglucanases, B-glucosidase

As cellulose and hemicellulose together in lignocellulose account for 60-70% of the
carbohydrate mass, which can be hydrolyzed into fermentable sugars, understanding
cellulases and hemicellulases functions is of great importance (Gellerstedt, Li, Kleinert, &
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Barth, 2008). Hydrolysis of hemicellulose is more complicated than hydrolysis of cellulose.
Hemicellulose consists not only of carbohydrates such as xylose, mannose, galactose,
arabinose, and glucose, but also substituent moieties such as acetyl groups, feruliates, etc.
These components are interconnected and thus the enzyme cocktail showed in Table 3 is
needed to hydrolyze the hemicellulose into sugar monomers synergistically (Meyer,
Rosgaard, & Sorensen, 2009).

The cellulases and hemicellulases are mainly secreted from bacteria or fungi. However,
different strategies for degrading cellulose are used by various microorganisms. They mainly
fall two categories: complexed and non-complexed cellulase system (Lynd, Weimer, van Zyl,
& Pretorius, 2002; Verardi et al., 2012; Sun & Cheng, 2002). Aerobic bacteria and fungi,
such as Trichoderma reesei and Aspergillus niger, secrete soluble extracellular enzymes
known as non-complexed cellulase system (Zhang & Lynd, 2004); anaerobic cellulolytic
microorganisms, such as clostridia, Butyrivibrio fibrisolvens, Acetovibrio cellulolyticus,
Bacteroides cellulosolvens, Ruminococcus albus, and Ruminococus flavefaciens, produce
complexed cellulase systems, called cellulosomes (Bayer, Chanzy, Lamed, & Shoham, 1998;
Van Dyk & Pletschke, 2012; Verardi et al., 2012). The cellulosomes consist of multiple
hemicellulases, cellulases, and lichenases.

3.3. Trichoderma ressei and Its Cellulase Systems

Generally, T. reesei secretes at least two cellobiohydrolases (CBHI and CBHII), five to
six endoglucanases (EGI, EGIIL, EGIII, EGIV, EGV, and EGVI), two B-glucosidases (BGL |
and 1), two xylanases, and various accessory hemicellulases (Vinzant et al., 2001). The
effectiveness of cellulase components acting on insoluble substrates, and especially
crystalline cellulose, is affected by the proportion of these components, with some ratios
being particularly effective due to their synergistic action (Henrissat, Driguez, Viet, &
Schulein, 1985; Kanda, Wakabayashi, & Nisizawa, 1980). There are three kinds of enzymes
that act together to hydrolyze cellulose into glucose: endo-1,4-B-glucanases, exo-1,4-B-
glucanases (cellobiohydrolases), and B-glucosidases (cellobiases) (Ximenes et al., 2013).

Crystalline cellulose is hydrolyzed by the synergistic action of endo-acting (with respect
to the cellulose chain) enzymes known as endoglucanases, and exo-acting enzymes, known as
exo-glucanases. The endoglucanases locate surface sites at locations, probably found
randomly, along the cellodextrin and insert a water molecule in the B-(1, 4) bond, creating a
new reducing and non-reducing chain end pair. B-D-glucosidases (cellobiases) act to
hydrolyze cellobiose, the product of cellulase action, and thus relieve the system from end-
product inhibition. Exoglucanases or cellobiohydrolase attack cellulose chain ends and
hydrolyze the 1, 4-glycocidyl linkages to form cellobiose. Endo-1, 4-B-glucanases attacks low
crystallinity regions in the cellulose fibers by endoaction, decreasing the degree of
polymerization and creating free chain-ends. B-glucosidase converts cello-oligosaccharides
and disaccharide cellobiose into glucose residues in a processive manner (Verardi et al.,
2012).
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3.4. Enzymatic Hydrolysis Process

During hydrolysis of a substrate, enzymes adsorb onto the substrate, desorb and readsorb
again, dynamically equilibrating between the solid and the liquid fractions of the reaction
medium. It has been indicated that the extent of adsorption affects the rate and extent of
hydrolysis and that adsorption is a prerequisite in enzymatic hydrolysis of cellulose (Ximenes
et al., 2013). Various factors are said to affect adsorption, including substrate characteristics
such as the presence of lignin, the method of pretreatment, as well as surface area and pore
volume in the substrate. From reports in the literature, it appears that the characteristics of the
enzymes also play a role in adsorption behavior (Lynd et al., 2002).

Enzymes represent a significant cost in bioconversion and therefore the total amount of
protein used in saccharification is important (Van Dyk & Pletschke, 2012). The efficiency of
the process can be measured as the amount of sugars produced per mg protein applied per g
of cellulose. In addition to enzyme loadings, substrate loadings are a factor in making
bioconversion economical and have to be high enough to achieve sufficient sugar
concentrations for fermentation and to yield a high ethanol concentration. Thus the optimal
enzyme and substrate loadings have to be identified for optimal efficiency and economy (mg
of protein/g of substrate).

Enzyme loading may differ depending on the specific substrate and its composition, as
well as the type of pretreatment. Substrates with a high lignin composition may require higher
enzyme loadings due to non-productive adsorption of enzymes to the lignin portions
(Ximenes, Kim, Mosier, Dien, & Ladisch, 2011). Enzyme loading may also depend on
whether the enzyme combination is optimal for the substrate.

Pretreatments used on substrates may also have an impact on the enzyme loadings
(Kumar et al., 2009¢e). For example, Wyman et al. (2011) found that higher protein loadings
were required for alkaline pretreated switchgrass, whereas dilute acid, SO, and liquid hot
water pretreated solids required lower enzyme loadings for the same levels of hydrolysis. This
was related to the hemicellulose content remaining after pretreatment which required
additional enzymes such as xylanases (Wyman et al., 2011).

Several factors can reduce enzyme loading. Washing of the substrate to remove any
inhibitory compounds prior to enzyme hydrolysis can lead to reduced enzyme loading, as well
as the addition of compounds such as Tween 20, BSA, and PEG 6000 which reduce non-
productive adsorption of enzymes to residual lignin (Yang & Wyman, 2006; Kumar &
Wyman, 2009d; Ximenes et al., 2011, 2013). Cellulase loadings can be reduced if xylanases
are added which improves overall cellulose digestion; in the same manner, supplementation
with B-glucosidase can reduce cellulase loadings by removing cellobiose which would inhibit
cellulases (Wyman et al., 2011). Inhibition of enzymes such as B-glucosidase can also by
overcome by the type of process used in bioconversion, such as SSF, where glucose is
immediately converted into ethanol. Such processes can therefore also assist in reducing
enzyme loadings. Enzyme loadings can also be reduced by using enzymes with higher
specific activity. Enzyme recycling over several batches can also reduce enzyme loading (Tu
et al., 2006).
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3.5. Enzymatic Hydrolysis Process Challenge

During the pretreatment, especially under acidic environment, by-products generated
through the pretreatment step can severely inhibit on the following enzymatic hydrolysis and
fermentation processes. The inhibitors can be classified as mainly four categories: phenolic
compounds, aliphatic acids, furan derivatives, and inorganic compounds (Casey et al., 2010).
For the group of inhibitors aliphatic acids, referring to acetic acid, formic acid, and levulinic
acid. All of these three aliphatic acids relate to sugar degradation during the pretreatment.
Formic acid is a product of hydrolysis of HMF (5-hydroxymethylfurfural) and furfural.
Levulinic acid is a degradation product from HMF. The yeast S. cerevisiae commonly
used for fermentation can be deactivated by binding with all these acids. Acetic acid is a
weak acid generated by hydrolysis of acetyl groups of hemicellulose (Palmgvist, & Hahn-
Hégerdal, 2000a, 2000b). Acetic acid has negative impact on fermentative performance of
microorganisms by inhibition of biomass growth, substrate consumption and ethanol
volumetric productivity (Casey et al., 2010). The furan derivatives mainly refer to HMF
(degraded from glucose) and furfural (degraded from xylose). The inhibition caused by these
compounds and phenolic compounds are similar to acetic acid, including reduced growth rate
of yeast and decreased ethanol yield and productivity (Larsson, Reimann, Nilvebrant, &
Jonsson, 1999; Lee, Chung, & Willis, 1985; Liu et al., 2004).

Enzyme activity may be affected by the products of their own actions as well as the
products formed by other enzymes (Ximenes et al., 2011). Jing, Zhang, and Bao (2009)
reported the inhibition strength by the lignocellulose degradation products to cellulase is
lignin derivatives > furan derivatives> organic acids> ethanol. Ximenes et al., (2011) reported
that water-soluble phenol derivatives from lignin deactivate up to 80% of cellulase activity
within 24 hours. The degree of deactivation varied between the species of fungus from which
the enzyme was produce and specific enzyme, with b-glucosidase being the most sensitive
(Ximenes et al., 2011). Szengyel and Zacchi (2000) studied the effect of acetic acid and
furfural on cellulase production from T. reesei RUT C30 by using steam-pretreated willow as
the carbon source, results showed that furfural could cause a significant decrease in both
cellulase and B-glucosidase production (Szengyel, & Zacchi, 2000). As the inhibitors can
decrease the enzyme activity during the enzymatic hydrolysis, washing the solid fraction with
excess water prior to enzymatic hydrolysis proved to be an effective method; alternatively,
fermenting the prehydrolysate prior to enzymatic hydrolysis also can increase the cellulose
conversion yield (Tengborg, Galbe, & Zacchi, 2001). Separation technologies were tested to
detoxify a dilute acid pretreated biomass slurry by sequential using polyelectrolyte polymer
adsorption and resin-wafer electrodeionization. Results showed acetic acid, HMF and furfural
could be removed by 77%, 60% and 74% respectively, and a 94% cellulose conversion yield
can be achieved (Gurram, Datta, Lin, Snyder, & Menkhaus, 2011). During SSF or CBP
processes, the ethanol formed may also have an inhibitory impact on enzymes as well as on
the organisms involved in the following fermentation (Hahn-Hé&gerdal, Galbe, Gorwa-
Grauslund, Lidén, & Zacchi, 2006).

For the aspect of substrate, the moisture content of the substrate can affect the ability of
enzymes to hydrolyze it and drying of a substrate can result in decreased hydrolysis, this is
related to a collapse in the pore structure, which probably causes a reduction in total surface
area (Chandra et al., 2007). According to Ding et al. (2008), dehydration has a significant
effect on the structure and arrangement of cell wall micro fibrils (Ding et al., 2008). It is
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indicated that there is a relationship between drying of the substrate and adsorption capacity.
The standard NREL protocol for enzymatic degradation of biomass indicates that no drying
must take place after aqueous pretreatments, as it will cause “irreversible pore collapse in the
microstructure” which will decrease hydrolysis (Selig et al., 2008). Drying can cause an
irreversible loss of water binding ability which results in a loss of pores. The pores are
indicated to be more important for accessibility of the enzymes than the external surface area
(Luo & Zhu, 2011). Zhang & Lynd (2004) indicated that pore sizes should be large enough to
accommodate a typical enzyme with a 51 A diameter. Although rehydration may increase the
surface area, pores are not restored (Zhang & Lynd, 2004).

Through enzymatic hydrolysis step, product inhibition and nonproductive binding to
lignin need ten to hundred times of theoretical enzyme loading to gain high sugar yield to
compensate the inhibition effect (Wyman et al., 2013). In order to have high sugar yield, the
cellulase dose costs around $1.00/gal ethanol ($1.50/gal equivalent gasoline) (Klein-
Marcuschamer, Oleskowicz-Popiel, Simmons, & Blanch, 2012), which further weaken the
profitability of cellulosic ethanol especially when the gasoline price is low. To deal with this
issue, many scientists are focusing on mitigating pretreatment side effects on enzymes and
develop methods to reuse the enzymes. On the other hand, adaptation of enzyme to make it
more resistant to inhibitors and reduce their production cost are research hot topics (Ximenes
et al., 2011). Understanding the inhibition behavior of enzymes is a key factor in achieving
optimal hydrolysis as steps may be taken to prevent or remove the inhibitory compounds.

3.5.1. Product Inhibition

During enzymatic hydrolysis, oligosaccharides, disaccharides and monomers are formed
and may cause inhibition of the enzymes involved when they reach high concentrations,
impacting enzymatic hydrolysis efficiency. According to Garcia-Aparicio et al. (2006),
inhibition by sugars have a greater impact than pretreatment inhibitors (Garcia-Aparicio et al.,
2006). This is the advantage of processes such as SSF where inhibition is prevented by the
direct fermentation of sugars as they are produced.

It has been well documented that enzymes are inhibited by the products of their action.
Cellulases are inhibited by cellobiose (Gruno, Véljamée, Pettersson, & Johansson, 2004),
while B-glucosidases is inhibited by glucose (Andri¢ et al., 2010). For this reason, excess -
glucosidase is generally added to cellulase in bioconversion processes to prevent inhibition of
cellulase. Endo-xylanases have been reported to be inhibited by xylose and xylobiose
(Khanna, 1993). However, B-xylosidase has been found to be inhibited by xylose and
xylobiose (de Vargas Andrade, de Moraes, Terenzi, & Jorge, 2004). Feruloyl esterases have
also been found to be inhibited by ferulic acid (Xiros, Moukouli, Topakas, &
Christakopoulos, 2009). Some researchers have further investigated the impact oligo-
saccharides and sugars other than cellobiose and glucose on cellulases and found that
hemicellulose-derived sugars (xylose, arabinose, mannose, and galactose) inhibited cellulose
conversion (Garcia-Aparicio et al., 2006). Some reports even indicate that xylooligomers are
stronger inhibitors of cellulase than glucose and cellobiose (Kumar, & Wyman, 2009; Qing,
Yang, & Wyman, 2010; Kont, Kuras$in, Teugjas, & Véljaméae, 2013).

3.5.2. Nonproductive Binding to Lignin

When working with complex substrates such as lignocellulose, it was observed that
adsorption did not correlate with hydrolysis efficiency. It was demonstrated that high levels of
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non-productive adsorption took place during hydrolysis of lignocellulosic substrates,
specifically onto lignin, which decreased the hydrolysis efficiency and required high enzyme
loadings to overcome this phenomenon (Ximenes et al., 2010, 2011). Non-productive
adsorption of cellulases to lignin has been demonstrated to be as a result of the CBM that
cellulases contain. It has been shown that, unless hydrolysis of the substrate is complete,
enzymes remain adsorbed to the recalcitrant, unhydrolysed part of the substrate and this could
affect the reuse of enzymes in subsequent batches (Van Dyk, & Pletschke, 2012).

Many studies have investigated ways in which non-productive adsorption can be
overcome by alkali extraction of lignin or by the addition of compounds such as surfactants
(Tween), protein (BSA) or other additives (e.g., poly ethylene glycol) (Hatti-Kaul, Térnvall,
Gustafsson, & Borjesson, 2007). The increased cost for adding additives may be compensated
by improved enzymatic hydrolysis step. This also has particular relevance in terms of
recycling of enzymes for reuse. If the enzymes could be released from the substrate at the end
of a batch hydrolysis, they could be recycled, reducing enzyme cost.

3.5.3. Cellulase Deactivation

The phenolic compounds and related aromatics released from lignin have the inhibition
and deactivation effects on cellulolytic enzymes, which require increased enzyme doses to
achieve high conversion yields. The LORRE research group from Purdue University
conducted in-depth studies on the deactivation of enzyme caused by phenols. Results showed
that phenols are major inhibitors and deactivators of cellulolytic enzymes (Ximenes et al.,
2011). Two approaches were proposed: use of lignin-free cellulose or prevention of cellulase
adsorption on lignin. These approaches help to minimize the phenolic compounds’
deactivation and inhibition effect in order to have higher glucose yield meanwhile with lower
enzyme loading (Kim, Ximenes, Mosier, & Ladisch, 2011).

In summary, the inhibitors released by the pretreatment step can significantly reduce the
yield of alcohol and make the enzymatic hydrolysis step more expensive. Coupled with the
high capital costs associated with pretreatment and handling the low bulk-density
lignocellulose, the increased costs associated with higher enzyme use and lower fermentation
productivity continue to be the most significant economic hurdles to expanding cellulosic
ethanol production (Wyman, 2007).

Effective pretreatment and saccharification are essential for the release of
monosaccharides into liquid media. Sugar release must be followed by effective
bioconversion into ethanol or similar fermentation fuels, the unit operation termed
‘fermentation’.

4. FERMENTATION

The term ‘fermentation’ generically refers to a biological process where microbial
cellular activity transforms a feedstock molecular into a specific product of interest (Mosier &
Ladisch, 2009). In the case of ethanol fermentation, it refers to the generation of ethanol
following the breakdown of glucose molecules into pyruvic acid/pyruvate. The process,
termed glycolysis, varies between eukaryote (Figure 2) and prokaryote cells (Figure 3), but
generates the same end product — pyruvate — that is then converted into ethanol, typically in
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the absence or limited presence of oxygen. Ethanol being a direct product of cellular energy
metabolism, its fermentation is sometimes classified as a type | fermentation (Mosier &
Ladisch, 2009), meaning that cellular growth, consumption of a carbon source (sugar) and
generation of the product (ethanol) are closely coupled. Ethanol fermentation is currently the
largest-scale microbial process in industrial practice (Gray, Zhao, & Emptage, 2006; Rudolf,
Karhumaa, & Hahn-Héagerdal, 2009).

4.1. Ethanol Process Overview

An industrial fermentation process begins with the extraction of the constituent sugars
from the feedstock into a liquid medium. In order for the manufacturing process to be
commercially viable, the ethanologen must meet the following critical requirements
(Picataggio & Zhang, 1996):

1. High fermentative ethanol yield and titer are foremost, as well as tolerance for the
high concentrations of ethanol generated.

2. A broad substrate (sugar) range is necessary, as the carbohydrate composition of fuel
ethanol feedstocks can be expected to be heterogeneous.

3. Tolerance for the fermentation media — corn mash, cane or sorghum juice, cellulosic
hydrolysate, etc. — composition is critical, given the costs of additional treatments on
a commercial scale.

4. The ethanologen must not consume oxygen during fermentation, as oxygen typically
leads to complete carbohydrate/pyruvate breakdown.

5. The fermentation must also take place at low pH, to reduce microbial contamination.

In addition to the essential traits listed above, the following properties are desirable in the
ethanologen:

1. High specific growth and sugar consumption rates.

2. The capacity to grow in minimal media, as nutrient supplementation is costly at the
commercial scale.

3. High temperature and shear tolerance.

4. Being Generally Regarded as Safe (GRAS).

While several microbial species are capable of ethanol fermentation, commercial
significance is restricted to Saccharomyces cerevisiae (Rudolf et al., 2009; Russell, 2003),
commonly known as baker’s yeast, and Zymomonas mobilis, a bacterium (Geddes, Nieves, &
Ingram, 2011; Rogers, Jeon, Lee, & Lawford, 2007). These species alone are capable of
tolerating the high concentrations of ethanol that must be generated for commercial-scale
viability. A brief overview of their properties is presented below.

4.1.2. Saccharomyces cerevisiae

Yeasts belonging to the Saccharomyces genus are the oldest known ethanologens, having
been used since antiquity in the brewing of alcoholic beverages such as wine and ale. While
other Saccharomyces species such as S. pastorianus are capable of generating ethanol on a
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large scale (D'Amore, Panchal, & Russell, 1989; Kodama, Kielland-Brandt, & Hansen, 2006),
S. cerevisiae is currently the most commonly used ethanologen across the world, for beverage
and fuel ethanol fermentation.

Yeasts are naturally capable of fermenting hexose sugars. S. cerevisiae is capable of
fermenting monosaccharides such as glucose, fructose, mannose, and galactose. It can
ferment the disaccharides maltose and sucrose, and the trisaccharides maltotriose and
raffinose (Russell, 2003). Yeast cells are incapable of metabolizing longer chain
polysaccharides such as starch or cellulose. Commercial fermentations involving the same are
carried out following their chemical or enzymatic depolymerization into fermentable mono-,
di- or trisaccharides.
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Figure 2. Glucose breakdown through the Embden-Meyerhof-Parnas pathway.
(Reproduced from MetaCyc).

Following hexose entry into the yeast cell, it is phosphorylated, isomerized into glucose-
or fructose-6-phosphate, and broken down through the Embden-Meyerhoff-Parnas pathway
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into pyruvic acid (Figure 2). The latter molecule is then de-carboxylated into acetaldehyde,
which is then reduced to ethanol (Russell, 2003). Significantly, in the presence of sufficiently
high (>10% wi/v) hexose concentrations, Saccharomyces is capable of ethanol fermentation
irrespective of aeration or oxygen concentration, a characteristic known as the Crabtree effect
(Pronk, Steensma, & Van Dijken, 1996; Russell, 2003). Metabolomic and genomic analyses
indicate this mechanism to be an evolutionary adaptation, giving the yeast the advantage in
sugar rich environments (Hagman & Piskur, 2015). As a result of the Crabtree effect, yeast
ethanol fermentation can be maintained by adjusting glucose concentrations in the reactor,
which is more economical on a large-scale than maintaining anaerobic or limited-aerobic
conditions. Depending upon the strain and culturing conditions — temperature, pH, nutrient
concentration — S. cerevisiae is capable of generating and tolerating ethanol concentrations as
high as 30% wi/v, although most industrial applications limit the concentration to 15% wi/v
(Benitez, Del Castillo, & Aguilera, 1983; D'Amore et al., 1989).

4.1.3. Zymomonas mobilis

Z. mobilis is a gram-negative bacteria capable of ethanol fermentation. It was first
identified as a cause of cider and beer spoilage in Europe, and subsequently as the fermenting
agent responsible for the formation of pulque in Mexico and palm wines in tropical regions
across the world (Swings & De Ley, 1977). The only species of its genus, Zymomonas
mobilis was projected as a potential biocatalyst as a result of its high ethanol yields (97% of
theoretical) and productivity rates (Bai, Anderson, & Moo-Young, 2008; Lee, Pagan, &
Rogers, 1983; Park & Baratti, 1991; Rogers, Lee, & Tribe, 1979; Skotnicki, Lee, Tribe, &
Rogers, 1981).

Zymomonas is capable of natively fermenting glucose and fructose, with select strains
also being capable of fermenting sucrose (Panesar, Marwaha, & Kennedy, 2006; Swings &
De Ley, 1977). The fermentation of the latter is however less efficient due to the formation of
levan, fructans, and sorbitol upon sucrose hydrolysis (Doelle, Kirk, Crittenden, Toh, &
Doelle, 1993; Park & Baratti, 1991). Following the sugar entry into the cell, it is converted
into glucose, phosphorylated and absorbed through the Enter-Doudoroff pathway, eventually
being converted into pyruvic acid, and then into ethanol. While the end products are the same
as in yeast, the pathways in Zymomonas differ in enzymes, byproducts, and resulting redox
balance in the cell, which has ramifications for cell ethanol tolerance. At present, Z. mobilis is
capable of fermenting and tolerating ethanol concentrations of up to 12% wi/v (Dien, Cotta, &
Jeffries, 2003; Sprenger, 1996).

4.2. Cellulosic Ethanol and Xylose Fermentation

While cellulose, a polymer of glucose, is the primary constituent of lignocellulose,
hemicellulose is a substantial source of potentially fermentable sugars. Hemicellulose has a
structure significantly different from cellulose, showing more variation in composition and
structure across plant classes and species. While cellulose is a homogeneous polymer of
glucose, hemicellulose consists of several different monomeric units. Hemicellulose contains
hexoses (glucose, galactose and mannose), pentoses (xylose and arabinose) and sugar acids
such as glucuronic acid. The monomers are linked to form various classes of hemicellulosic
polysaccharides, such as xylo-glucans, arabino-xylans, mannans, etc. Hemicelluloses
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comprise 25+% by dry weight of grass-based feedstocks such as corn stover (25-28%),
switchgrass (20-26%), and wheat straw (30-50%). They are also important components of
woody biomass, comprising 14-18% by dry weight of willow and poplar (Byrt, Grof, &
Furbank, 2011; Saha, 2003). As such, the utilization of hemicellulose and its constituent
sugars is critical to effective lignocellulose conversion. Xylose is the predominant component
of hemicellulose, typically making up 20-35% by dry weight on average of grass-based
lignocellulose and 10-20% on average by dry weight of hard wood lignocelluloses (Saha,
2003; Wiselogel, Tyson, & Johnson, 1996).
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Figure 3. Glucose breakdown through the Entner-Doudoroff pathway (Reproduced from MetaCyc).
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As a result of its abundance, xylose must be fermented to effectively make use of
hemicellulose and lignocellulose as a whole. As neither S. cerevisiae nor Z. mobilis natively
ferment xylose, genetic engineering is required to give them the capacity to do so. A
summary of these efforts is presented in Section 4.3 below.

4.3. Genetic Engineering Strategies for Xylose Utilization

Xylose utilization in the cell requires its conversion into xylulose, a ketose isomer with
the same molecular formula. Xylulose upon phosphorylation can be absorbed into the pentose
phosphate pathway, a sequence of cellular reactions universal to all cells. While the pathway
is required to generate ribose and erythrose for biosynthetic purposes, and NADPH for
cellular redox reactions, it also generates glycolytic end products, which can then be
fermented (Figure 4). Depending upon glucose availability, xylose fermentation in this
pathway theoretically generates 1.5-1.66 moles of ethanol per mole xylose.
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NADP* glucose-6-phosphate
NADPH + H* dehydrogenase (ECN 1.1.1.49)
Series of intermediates

— HO
NADP* >
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Figure 4. Pentose Phosphate Pathway. Asterisk marks the point of entry of xylose, following
conversion into xylulose and phosphorylation.
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The conversion of xylose to xylulose can occur through two currently known metabolic
pathways:

1. Xylose Isomerase (XI) pathway: Xylose isomerase (ECN 5.3.1.5) is an enzyme
capable of converting xylose into xylulose in a single, non-redox step. The sugars
being aldose-ketose isomers, the isomerization reaction is redox neutral.

2. Xylose Reductase/Xylitol Dehydrogenase (XR/XDH) pathway: In this pathway,
xylose is converted to xylulose through a two-step reduction-oxidation process.
Xylose is first reduced to xylitol, the reaction catalyzed by xylose reductase (EC
1.1.1.21). Xylitol is subsequently oxidized into xylulose, the reaction catalyzed by
xylitol dehydrogenase (EC 1.1.1.9). The reactions consume one molecule of NADPH
and generate a molecule of NADH.

Following its generation, xylulose is phosphorylated by (EC 2.7.1.17), to form D-
xylulose-5-phosphate, which is absorbed into the pentose phosphate pathway.

Several efforts have been made recently to develop industrial-scale ethanologens capable
of xylose fermentation. Attempts have been made both to confer xylose-fermenting capacity
on known ethanologens as well as to enhance the ethanol fermenting capacity of microbial
species capable of native xylose fermentation. Three species have been the focus of the most
effort, namely Saccharomyces cerevisiae, Zymomonas mobilis, and Escherichia coli.

Wild-type S. cerevisiae is capable of xylose uptake through facilitated diffusion (Jeffries,
1983; Leao & Van Uden, 1984a). Xylose entry into S. cerevisiae cells is carried out by
hexose transporters encoded by the HXT family of genes (Hamacher, Becker, Géardonyi,
Héhn-Hé&gerdal, & Boles, 2002; Kruckeberg, 1996; Sedlak & Ho, 2004), specifically HXT2,
HXT6, and HXT7, which have a high affinity for glucose and are repressed by high
concentrations of the same. These high affinity transporters are strongly expressed during
glucose depletion, and transport xylose into the cell at this point. Additionally, Gal2, a
galactose permease, was found capable of transporting xylose as well (Hamacher et al.,
2002). Attempts have been made to engineer xylose-fermenting ability in S. cerevisiae
through both the xylose isomerase (XI) and xylose reductase/xylitol dehydrogenase
(XR/XDH) pathways.

The XI pathway is attractive as it circumvents redox conditions, is independent of co-
factors, and does not generate intermediates. Attempts to express bacterial xylose isomerases
in S. cerevisiae (Amore, Wilhelm, & Hollenberg, 1989; Ho, Stevis, & Rosenfeld, 1983;
Moes, Pretorius, & Van Zyl, 1996; Sarthy et al., 1987; Walfridsson et al., 1996) met with
failure as the gene products had severely reduced or no activity, attributed to differences in
protein expression, post-translational modification and optimal temperatures between bacteria
and yeasts (Chu & Lee, 2007; Walfridsson et al., 1996). Additionally, xylitol formation was
observed, which inhibited further isomerase activity. Subsequent efforts focused on
increasing expression of the isomerase and xylulokinase genes and reducing expression of
specific cellular transaldolase (L&nn, Gardonyi, Van Zyl, Hahn-Hagerdal, & Otero, 2002;
Tréff, Cordero, Van Zyl, & Hahn-Hagerdal, 2001), which catalyzed the formation of xylitol.
Further improvement was achieved through the overexpression of pentose phosphate pathway
genes (Karhumaa, Hahn-Hagerdal, & Gorwa-Grauslund, 2005), and identification of a fungal
xylose isomerase gene (Harhangi et al., 2003). Following the incorporation of the fungal gene
(Kuyper et al., 2003), work has continued on improving the fermentative performance of the
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engineered S. cerevisiae through various genetic and metabolic engineering (Aeling et al.,
2012; Kuyper, Hartog, et al., 2005a; Kuyper, Toirkens, et al., 2005b; Kuyper, Winkler, Van
Dijken, & Pronk, 2004; Ma, Liu, & Moon, 2012; Zhou, Cheng, Wang, Fink, &
Stephanopoulos, 2012). A persistent bottleneck has been lower ethanol titer and productivity,
even at high fermentative yields, in comparison with yeasts engineered with the XR/XDH
pathway (Bettiga, Hahn-Hagerdal, & Gorwa-Grauslund, 2008; Karhumaa, Sanchez, Hahn-
Hégerdal, & Gorwa-Grauslund, 2007).

Expression of xylose reductase (XR) and xylitol dehydrogenase (XDH) genes in S.
cerevisiae was reported first by Kotter et al. (Kotter & Ciriacy, 1993; Kotter, Amore,
Hollenberg, & Ciriacy, 1990), who transferred genes from P. stipitis, a yeast capable of native
xylose fermentation. While the transformed yeast could grow on xylose, fermentative yields
were low, xylitol being the predominant product. Similar results were reported elsewhere
(Tantirungkij, Nakashima, Seki, & Yoshida, 1993). Optimization of the cellular redox
mechanism — the NADH/NAD* ratio — was predicted to improve xylose metabolism
(Bruinenberg, 1986). Efforts were made to improve xylose metabolism by engineering
increased expression of pentose phosphate pathway enzymes and more suitable cellular redox
conditions during xylose fermentation (Walfridsson, Anderlund, Bao, & Hahn-Hagerdal,
1997; Walfridsson, Hallborn, Penttila, Keranen, & Hahn-Hagerdal, 1995). While the resulting
strains showed improved aerobic growth on xylose as well as reduced xylitol production,
ethanol yield and titer did not improve.

The first successful glucose-xylose co-fermentation in S. cerevisiae was reported by Ho
et al. (1998). S. cerevisiae strain 1400 was transformed to express P. stipitis XR, XDH and
Xylulokinase (XK) genes. The resulting strain 1400(pLNH32) was reported capable of
fermenting a glucose-xylose mixture of 5% w/v each to produce an ethanol concentration of
approximately 4.8% in 36 hours, achieving 78% of the theoretical ethanol yield from pure
xylose (Krishnan, Ho, & Tsao, 1999). Eliasson et al. subsequently reported chemostat-based
xylose fermentation using S. cerevisiae, similarly engineered to express XR, XDH and XK,
observing initially low consumption (Eliasson, Christensson, Wahlbom, & Hahn-Hagerdal,
2000) and improvements upon modifying the expression ratios of the enzymes (Eliasson,
Hofmeyr, Pedler, & Hé&hn-Hégerdal, 2001). Following the demonstration of xylose
fermentation, efforts are ongoing to optimize the process through metabolic engineering
(Hahn-Hagerdal, Karhumaa, Jeppsson, & Gorwa-Grauslund, 2007; Jeffries, 2006). Points of
focus include improving cellular redox conditions (Jeffries, 2006; Jeppsson et al., 2006;
Khattab & Kodaki, 2014; Khattab, Saimura, & Kodaki, 2013; Lee, Kodaki, Park, & Seo,
2012; Petschacher & Nidetzky, 2008; Verho, Londesborough, Penttila, & Richard, 2003),
increasing the expression profiles and activity of enzymes to shift specific reaction equilibria
forward (Karhumaa, Fromanger, Hahn-Hégerdal, & Gorwa-Grauslund, 2006; Matsushika et
al., 2012; Tréaff-Bjerre, Jeppsson, Hahn-Hagerdal, & Gorwa-Grauslund, 2004) and increasing
xylose entry and uptake (Bertilsson, Andersson, & Lidén, 2007; Fonseca et al., 2011; Hector,
Qureshi, Hughes, & Cotta, 2008; Saloheimo et al., 2006). Using an S. cerevisiae strain
patented by Ho et al. (Ho & Tsao, 1998), the complete consumption of 9% wi/v pure xylose
and co-fermentation of 9% wi/v xylose and 17% wi/v glucose in batch fermentations was
reported by Athmanathan et al. (Athmanathan, Sedlak, Ho, & Mosier, 2011), which is
currently the highest concentration reported co-fermented (Table 4).
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Table 4. Reported xylose fermentations to ethanol for various microbial species

Reported By Fermenting Feed Concentrations Ethanol Production
Strain (% wiv) Titer Yield Time
(% (Ytheoretical) (hours)
wiv)
(Mohagheghi 2002 Z. mobilis AX | Glucose: 4% w/v 4.2 84 48
etal.) 101 Xylose: 4% wiv
Arabinose: 4% w/v
2004 Z. mobilis 8b Glucose: 7.5% wiv 54 |91 48
Xylose: 5% wiv
(Yomano et al., 2008) E. coli LY160 | Xylose: 9% wiv 45 83% 24
(Mineral
media)
81% (LB
media)
(Kuyper et al., 2004; S. cerevisiae Glucose: 2% wiv 1.7 83 40
Kuyper, Hartog, et al., RWB 202- Xylose: 2% wiv
2005a) AFX
(Sedlak et al., 2004) S. cerevisiae Glucose: 7% wiv 4.7 80 30
424A (LNH- Xylose: 4% w/v
ST) (YEP)
Glucose: 4% wiv 3.0 36 48
Xylose: 4% wiv
(Hydrolysate)
(Athmanathan et al., 2011) | S. cerevisiae Xylose: 9% 4.6 84 48
424A (LNH- Glucose: 17% 11 77 125
ST) Xylose: 9%

Zymomonas mobilis was found to have a native facilitated diffusion system capable of
xylose uptake (DiMarco & Romano, 1985). Liu et al. reported the transfer of xylose-
catabolizing genes from Xanthomonas (Liu, Goodman, & Dunn, 1988). Zymomonas has so
far been engineered with the isomerase (X1) pathway, due to a greater degree of compatibility
with bacterial isomerase genes. Xylose fermentation was demonstrated by Z. mobilis CP4
(pZB5), a strain transformed with E. coli xylose isomerase and xylulokinase genes (pZB5
plasmid) (Zhang, Eddy, Deanda, Finkelstein, & Picataggio, 1995). A range of batch and fed-
batch fermentations were subsequently reported with CP4 (pZB5) and strains derived from it,
6.5% w/v being the maximum concentration of xylose reported completely consumed during
co-fermentation with glucose (Joachimsthal & Rogers, 2000; Joachimsthal, Haggett, &
Rogers, 1999; Krishnan, Blanco, Shattuck, Nghiem, & Davison, 2000; Mohagheghi, Evans,
Finkelstein, & Zhang, 1998). A new strain, AX101, derived from CP4 (pZB5), was developed
to co-ferment arabinose with glucose and xylose (Mohagheghi, Evans, Chou, & Zhang,
2002). Most recently, 10% wi/v xylose was reported fermented by Agrawal et al., using a Z.
mobilis strain developed through directed adaptation (Agrawal, Mao, & Chen, 2010).

While initial strain engineering focused on improving the substrate range, Zymomonas
tolerance towards fermentation inhibitors is an additional concern. Low xylose consumption
and ethanol titers were reported when carrying out fermentations on wood pretreatment liquor
using Z. mobilis strains transformed with the pzZB5 plasmid (Lawford, Rousseau,
Mohagheghi, & McMillan, 1998, 1999). The bacteria is particularly susceptible to acetic
acid/acetate ion inhibition (Joachimsthal, Haggett, Jang, & Rogers, 1998; Saez-Miranda,
Saliceti-Piazza, & McMillan, 2006). A series of strains have been developed with acetate
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tolerance, through mutagenesis (Jeon, Svenson, Joachimsthal, & Rogers, 2002; Joachimsthal
et al., 1998), gene integration (Mohagheghi et al., 2004) and directed adaptation (Agrawal,
Wang, & Chen, 2012). Efforts are ongoing to analyze and engineer resistance to other
fermentation inhibitors commonly found in cellulosic hydrolysates (Franden, Pienkos, &
Zhang, 2009; Franden, Pilath, Mohagheghi, Pienkos, & Zhang, 2013a; Yang et al., 2014).

Escherichia coli have been projected as potential ethanologens predominantly because of
their native ability to metabolize hexose and pentose sugars. E. coli are capable of actively
absorbing xylose (Lam, Daruwalla, Henderson, & Jones-Mortimer, 1980; Song & Park, 1997)
and isomerizing it into xylulose. Correspondingly, they present a significant advantage by
way of substrate range and uptake rates. A substantial body of knowledge moreover exists on
E. coli genetics and metabolism, making engineering them easier than other species.

The principal drawback with E. coli is their fermentation pathway. Following the
generation of pyruvate, it is broken down through the pyruvate formate lyase pathway,
generating formic acid as a byproduct. The pathway is unbalanced by the way of redox agents
(NADH/NAD™), which the cell must compensate for through the formation of acetic and
succinic acids. Ethanol yields thus typically average 50% of theoretical in native E. coli (Dien
et al., 2003), compared to 90+% in S. cerevisiae or Z. mobilis.

To reduce the NADH use per molecule of ethanol, pyruvate decarboxylase/alcohol
dehydrogenase genes from Zymomonas were expressed in E. coli. Ingram et al. first reported
successful expression of the genes in E. coli (Ingram, Conway, Clark, Sewell, & Preston,
1987). Chromosomal integration of the expressed construct into E. coli resulted in the
development of strain KO11 (Ohta, Beall, Mejia, Shanmugam, & Ingram, 1991), with which
ethanol fermentations were reported using corn residues and rice hulls (Beall et al., 1992;
Moniruzzaman & Ingram, 1998; Moniruzzaman et al., 1996). A series of strains were since
developed from KO11 through metabolic engineering and directed evolution (Jarboe, Grabar,
Yomano, Shanmugan, & Ingram, 2007; Yomano, York, & Ingram, 1998), with which ethanol
fermentation from cellulosic hydrolysates has been demonstrated (Brandon et al., 2008; 2011;
Lau, Dale, & Balan, 2007). While the fermentative percentage yields are high (90+%), 6%
wiv is the maximum ethanol titer achieved with E. coli KO11 or its derivatives. Complete
fermentation of 9% wi/v xylose was reported by Yomano et al. (Yomano, York, Zhou,
Shanmugam, & Ingram, 2008), which is the highest pure xylose concentration fermented
(Table 4). In parallel, recombinant strains of E. coli were developed at the Fermentation
Biochemistry Research Unit at Peoria, lllinois through transformation with the construct
developed by Ingram et al. (Hespell, Wyckoff, Dien, & Bothast, 1996). The strains — termed
FBR — have been used to demonstrate co-fermentation of glucose, xylose, and arabinose both
with reagent sugars and cellulosic hydrolysates (Dien, Hespell, Wyckoff, & Bothast, 1998;
Dien, Nichols, O’Bryan, & Bothast, 2000). In particular, E. coli FBR5 has been tested with
a variety of pretreated cellulosic feedstocks, under a variety of batch and continuous
fermentation configurations (Martin, Knepper, Zhou, & Pamment, 2006; Qureshi, Dien,
Nichols, Saha, & Cotta, 2006; Saha & Cotta, 2006; 2007b; 2007a; 2008; 2010; 2011; Saha,
Iten, Cotta, & Wu, 2005; 2008; Saha, Nichols, & Cotta, 2011a; Saha, Nichols, Qureshi, &
Cotta, 2011b; Saha, Qureshi, Kennedy, & Cotta, 2015; Saha, Yoshida, Cotta, & Sonomoto,
2013). While the fermentative yields could be raised to 98% of theoretical by altering
fermentation parameters, final ethanol titers ranged 2-4% wi/v throughout, from a total sugar
concentration of 5-9% w/v (corresponding to 2-3% wi/v xylose), which is significantly lower
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than what can be achieved from Saccharomyces or Zymomonas. The FBR strains moreover
require nutrient-rich fermentation media, which would prove costly at the commercial scale.

In addition to fermentative capacity, E. coli engineering is also focused on its tolerance of
inhibitors commonly found in cellulosic hydrolysates. Work is ongoing to develop strains
tolerant of ethanol and furfural (Wang, Miller, Yomano, Shanmugam, & Ingram, 2012; Wang
etal., 2013).

4.4. Fermentation Inhibitors

The fermentation media, while sugar rich, is a typically heterogeneous mixture
containing components that might be toxic to the fermenting organism, and which cannot be
feasibly removed. Lignocellulosic hydrolysates in particular contain compounds generated by
the harsh conditions under which the biomass is pretreated (Mosier et al., 2005; Yang &
Wyman, 2008), which reduce fermentation yield, rate, and final ethanol output. Their effect
on the fermenting organism must therefore be understood. Fermentation inhibitors can be
categorized into two major groups:

1. Pretreatment-generated inhibitors are compounds generated through lignocellulose
pretreatment. They are generated from the breakdown of hemicellulose and lignin
into toxic monomers or oligomers. The most common pretreatment-generated
inhibitors are furan aldehydes generated from hemicellulose and cellulose sugars,
acetic acid from hemicellulose residues and solubilized phenolics from lignin.

2. [Fermentation-generated inhibitors are compounds generated during the fermentation
process that are inhibitory to the yeast. As such, their mechanism is typically product
inhibition. The two most common inhibitors are acetic acid and ethanol, both
generated from sugar fermentation.

A description of their generation and impact is presented below.

4.4.1. Pretreatment-Generated Inhibitors

Pretreatment is an essential step in the bio-based conversion of lignocellulose into
biofuels, required for the separation of lignin from structural hydrocarbons and render them
susceptible to enzyme depolymerization. While methods such as mechanical extrusion
(Karunanithy & Muthukumarappan, 2009; 2012) occur under milder conditions, the process
typically employs extremes in temperature and pH (Mosier, 2013; Mosier et al., 2005;
Ramirez, Holtzapple, & Piamonte, 2013; Trajano & Wyman, 2013) to chemically degrade
and remove the lignin. The extremity of the pretreatment is termed as severity factor which is
calculated by a pseudo-first order equation relating pH, temperature, pressure, and residence
time of the pretreatment. Due to the severity factor applied in the pretreatment, the reactions
also degrade the hemicellulose and cellulose, optimal pretreatment conditions maximizing
lignin removal while minimizing sugar degradation (Galbe & Zacchi, 2012). The degradation
of lignin and the structural carbohydrates produces different inhibitory components, all of
which reduce ethanol yields and titers upon fermentation of lignocellulosic hydrolysates
(Larsson et al., 1999; Mills, Sandoval, & Gill, 2009; Palmqvist & Hahn-H&gerdal, 2000g;
2000Db). Described below are the inhibitors generated from the degradation of each polymer.
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Lignin, being a phenolic polymer, generates a mixture of phenyl-substituted molecules
(Klinke, Thomsen, & Ahring, 2004; Liu, 2011; Ximeneset al., 2013), the exact mixture
varying with feedstock and pretreatment conditions. The species generated include phenol
derivatives such as hydroxybenzaldehyde, hydroxybenzoic and hydoxycinnamic acid, cresol
and catechol, guaiacol derivatives such as coniferol, vanillin and ferulic acid, syringol
derivatives such as syringaldehyde, sinapyl alcohol and sinapic acid and polyphenolic
molecules such as tannic acid. Several of these molecular species have been found to have
inhibitory effects on cellulolytic enzymes (Kim et al., 2011; Ximenes, Kim, Mosier, Dien, &
Ladisch, 2010), tannic acid being reported as reducing cellulase and p-glucosidase activities
by up to 60% (Ximenes et al., 2011).

Hydrolysate phenolics were found to inhibit fermentative activity in Saccharomyces
(Ando, Arai, Kiyoto, & Hanai, 1986; Jonsson et al., 2013; Larsson et al., 1999; Liu &
Blaschek, 2010; Martin & Jonsson, 2003; Palmqvist & Hahn-Hégerdal, 2000b; Xiros &
Olsson, 2014), E. coli (Chandel, da Silva, & Singh, 2013; Klinke et al., 2004; Palmqvist &
Hahn-Hégerdal, 2000b) and Zymomonas (Franden, Pilath, Mohagheghi, Pienkos, & Zhang,
2013b; Klinke et al., 2004; Liu & Blaschek, 2010; van der Pol, Bakker, Baets, & Eggink,
2014). Their inhibitory effect has been primarily attributed to their solvent properties. Due to
the hydrophobic nature of the phenyl structure, phenolic compounds enter the cell membrane,
where their interactions with the constituent lipids and embedded proteins affects membrane
fluidity and integrity, disrupting cellular metabolic functions and putting severe stress on the
organism (Fitzgerald et al., 2004; Keweloh, Weyrauch, & Rehm, 1990; Piotrowski et al.,
2014; van der Pol et al., 2014; Zeng, Zhao, Yang, & Ding, 2014). While tolerance depends
upon strain, species and hydrolysate conditions, it has been found to increase with phenolic
molecular size, smaller phenolic molecules reported as more toxic (Chandel et al., 2013;
Larsson, Quintana-Sainz, Reimann, Nilvebrant, & Jdénsson, 2000; Palmgvist & Hahn-
Hégerdal, 2000b). The substitution is also a factor in toxicity, with phenyl aldehydes being
reported more toxic than the corresponding carboxylic acids which are in turn more toxic than
the corresponding alcohols (Jonsson et al., 2013; van der Pol et al., 2014).

The pretreatment reactions expose and subsequently break down hemicellulose and
cellulose, following lignin removal. Fractions of cellulose and hemicellulose are thus
solubilized into oligosaccharides, monosaccharides and eventually sugar degradation products
(Klinke et al., 2004; Palmqgvist & Hahn-Héagerdal, 2000b; Ximenes et al., 2013). Cellulose
solubilization generates glucose alone, while hemicellulose solubilization generates a mixture
of hexoses — glucose, mannose, and galactose — and pentoses — xylose and arabinose. Upon
further degradation, pentose sugars are dehydrated into furfural (IUPAC name: furan-2-
carbaldehyde), and pentose sugars into 5-hydroxymethylfurfural (IUPAC name: 5-
(hydroxymethyl)-2-furaldehyde). Both compounds are severely inhibitory to fermenting
organisms.

Furfural and 5-hydroxymethyl furfural have both been observed to reduce growth and
ethanol productivity rates across fermenting organisms. The effect has been attributed to
oxidative stress, brought about by interactions between cellular molecular species and the
formyl or carbonyl group of the aldehyde (Almeida, Bertilsson, Gorwa-Grauslund, Gorsich,
& Lidén, 2009; Taylor, Mulako, Tuffin, & Cowan, 2012). As with phenolic compounds, the
furan aldehyde is more toxic than the corresponding alcohol or carboxylic acid.
Correspondingly, a common stress response of the cell is to convert furfural into furfuryl
alcohol (IUPAC name: 2-furanmethanol) or furoic acid (IUPAC name: furan-2-carboxylic
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acid) (Palmqvist & H&hn-Hé&gerdal, 2000b; Wierckx, Koopman, Ruijssenaars, & de Winde,
2011; Ximenes et al., 2013). The exact mechanisms of the stress are still unclear, as glucose
and xylose fermentation have been reported affected in different ways (Ask, Bettiga,
Duraiswamy, & Olsson, 2013; Klinke et al., 2004).

Neutral and low-pH pretreatments typically generate carboxylic acids, either directly
from the hemicellulose or from the degradation of its component monosaccharides.
Hemicellulose branches typically contain acetate substitutions, which upon pretreatment are
hydrolyzed into acetic acid (Davison, Parks, Davis, & Donohoe, 2013). In addition, a fraction
of the furan aldehydes generated, furfural and 5-hydroxymethylfurfural, typically break down
further into formic and levulinic (IUPAC name: 2-oxopentanoic acid) acids, respectively. In
addition to the acids generated, the low pH of the fermentation environment is itself an
inhibitor, reducing cell viability and fermentative rates.

The impact of the acids depends upon the pH of the hydrolysate medium (Casey et al.,
2010; Ximenes et al., 2013). Being weak acids (pKa ranging 3.6-4.8), all three stay
protonated at low pH. Entering the microbial cell in their protonated form, they dissociate in
the higher pH of the cytosol and acidify it. To combat the acidification, cells have to divert
energy in the form of ATP toward the proton pump machinery that maintains pH homeostasis
(Casey et al., 2010; Taylor et al., 2012). The resulting metabolic stress reduces fermentation
yields and titers and causes cell death when the outward proton flux is slower than the
acidification rate. Even in the absence of the carboxylic acids generated, microbial cells must
constantly counter passive proton influx at low pH, making an acidic lignocellulosic
hydrolysate highly stressful for growth and fermentation.

Lignocellulosic hydrolysates typically contain multiple pretreatment-generated inhibitors,
which results in a synergistic inhibitory effect. Due to this synergy, the overall impact on
hydrolysate fermentation is difficult to predict from analysis of the chemical composition
alone. Work is ongoing in analyzing and countering their toxicity (Piotrowski et al., 2014;
Zeng et al., 2014). Various solutions have been proposed to address their presence, including
enzyme supplementation to convert them, chemical treatment of the hydrolysate, genetic
engineering of more tolerant biocatalysts and physical separation of the compounds from the
pretreated hydrolysate (Chandel et al., 2013; Dhamole, Wang, & Feng, 2013; Grzenia et al.,
2012; Jonsson et al., 2013; Liu, 2011; Luo, Zeuner, Morthensen, Meyer, & Pinelo, 2015;
Palmqgvist & Hahn-Hégerdal, 2000a; van Walsum, 2013). Suitable solutions must balance the
inhibitor removal against the added costs. In addition to the above, the fermenting biocatalyst
must also combat the stress from fermentation-generated inhibitors, described in further detail
below.

4.4.2. Fermentation- Generated Inhibitors

The products generated by type | fermentation are typically cytotoxic upon accumulation.
Under sufficiently high concentrations they cause loss of cell viability and eventual cell death.
The main fermentation generated inhibitors are ethanol itself, and fermentation generated
carboxylic acids — chiefly lactic and acetic acid. Due to their predominant usage, the impacts
of these inhibitors on yeast cells have been best documented. This section will
correspondingly focus on their impact on yeasts, specifically Saccharomyces cerevisiae.
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4.4.2.1. Ethanol

Ethanol is cytotoxic, particularly at the concentrations reached during commercial-scale
fermentation (> 10% wi/v). Yeasts in general produce and can tolerate greater amounts of
ethanol in comparison to other microbes (Taylor, Tuffin, Burton, Eley, & Cowan, 2008), a
trait viewed as a possible evolutionary defense mechanism (Culberson & Culberson, 1981;
Hagman & Piskur, 2015). As ethanol concentration increases, three major symptoms have
been observed, in the increasing order of severity (D'Amore et al., 1989):

1. Loss of cell viability: The initial effects of ethanol are to reduce cell growth (Thomas
& Rose, 1979) replication ceasing at concentrations of 10 — 14% wi/v ethanol
(Benitez, del Castillo, Aguilera, Conde, & Cerdaolmedo, 1983).

2. Cessation of fermentation: Upon further ethanol buildup, cells cease fermentation.
Depending on strain and culturing conditions, cessation has been reported to occur at
concentrations of 14 — 30% wi/v ethanol in Saccharomyces (Benitez et al., 1983;
D'Amore et al., 1989).

3. Cell death: At high enough concentrations, ethanol brings about cell death.

Based on factors such as strain, culturing conditions, etc. the severity of the symptoms
has varied. All three being highly undesirable from a production standpoint, it is important to
develop biocatalysts resistant to ethanol toxicity, as well as the cause for the same.

Early analyses of ethanol toxicity found it interfering with yeast membrane transport
(Thomas & Rose, 1979; Thomas, Hossack, & Rose, 1978), including glucose, ammonium and
amino acids (Leao & Van Uden, 1982; 1983; 1984b), increasing passive proton influx into
the cell (Leao & Van Uden, 1984a; Pascual, Alonso, Garcia, Romay, & Kotyk, 1988) and
altering membrane permeability (Walker-Caprioglio, Rodriguez, & Parks, 1985). Ethanol
inhibition was correlated to its lipid/water partition coefficient, indicating the membrane to be
the site of attack, and similar results were observed with propanol and butanol. The inhibitory
effects of the alcohols were observed to increase with alcohol carbon number, indicating lipid
solubility to be a key factor in alcohol stress. Based on these observations, the primary site of
alcohol damage was deduced to be the cell membrane (Ingram, 1986). Ethanol diffuses into
the hydrophobic regions of the lipid bilayer, where its buildup increases hydration and
polarity in the hitherto-hydrophobic region, disrupts hydrogen bonding and increases the rate
of lipid desorption (Slater, Ho, Taddeo, Kelly, & Stubbs, 1993). While a high concentration is
required for complete fluidization of the membrane and cell death, ethanol poses metabolic
stress to the cell at sub-lethal concentrations, necessitating expenditure of energy to combat
the membrane destabilization.

Concordant to its impact on membrane stability, ethanol stress is exacerbated by high
temperatures (Gray, 1941; Nagodawithana & Steinkraus, 1976) to which it has similar stress
response (D'Amore et al., 1989; Gibson, Lawrence, Leclaire, Powell, & Smart, 2007;
Henderson, Zeno, Lerno, Longo, & Block, 2013b; Plesset, Palm, & McLaughlin, 1982), low
pH (Cardoso & Le O, 1992; Pampulha & Loureiro-Dias, 1989) and high enough solute
concentrations to cause osmotic stress (D’ Amore et al., 1989; D'’Amore, Panchal, Russeil, &
Stewart, 1988; Koppram, Tomas-Pejo, Xiros, & Olsson, 2014). Yeasts respond to ethanol
stress by altering membrane compositions to be more unsaturated and correspondingly
hydrophobic (Aguilera, Peinado, Millan, Ortega, & Mauricio, 2006; Ciesarova, Sajbidor,
§m0gr0viéové, & Bafrncova, 1996; Gibson et al., 2007; Henderson & Block, 2014;
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Henderson, Lozada-Contreras, Jiranek, Longo, & Block, 2013a; Koukkou, Tsoukatos, &
Drainas, 1993; Mannazzu et al., 2008), generating heat-shock proteins (D'Amore et al., 1989;
Gibson et al., 2007) and trehalose (Gibson et al., 2007) and up-regulating the activity of
active transport proteins, chiefly H*-ATPase (Aguilera et al., 2006; Gibson et al., 2007;
Monteiro & Sa-Correia, 1997). All the responses being strongly dependent upon glucose
metabolism, ethanol stress response during pentose fermentation is likely to be different
(Athmanathan et al., 2011). Concordant with its impact on the cell machinery, nutrient
supplementation in the fermentation media can mitigate ethanol stress, specifically nitrogen
(Casey, Magnus, & Ingledew, 1984; Gibson et al., 2007), fatty acids (Casey et al., 1984;
Casey, Magnus, & Ingledew, 1983; D'Amore & Stewart, 1987; Ohta & Hayashida, 1983) and
magnesium (Birch & Walker, 2000; Walker, 1994).

Product inhibition from ethanol is a critical bottleneck during very high gravity (VHG)
fermentation, which is a standard industrial practice. As nutrient supplementation is likely
cost-ineffective for the manufacture of fuel ethanol, feeding and product removal strategies
must be employed to reduce ethanol stress and keep the fermentation continuous.

4.4.2.2. Lactic and Acetic acid

Carboxylic acids, chiefly acetic and lactic acid, are generated as fermentation by-products
as well as during pretreatment (Maiorella, Blanch, & Wilke, 1983). As described earlier, the
impact of the acids especially at low pH is to enter the cell and acidify the cytosol, putting
metabolic stress on the fermenting organism. Both acids can be generated during fermentation
from the sugars present in the media. Acetic acid is generated in small amounts from glucose
by Saccharomyces (Thomas, Hynes, & Ingledew, 2001; 2002) during ethanol fermentation. It
is generated in much larger quantities however, by bacterial contaminants present in the
fermentation media (Beckner, Ivey, & Phister, 2011; Bischoff, Liu, Leathers, Worthington, &
Rich, 2009; Narendranath, Thomas, & Ingledew, 2001; Skinner & Leathers, 2004),
predominantly members of the Lactobacillus genus (Bayrock & Ingledew, 2004; Beckner et
al., 2011; Narendranath, Hynes, Thomas, & Ingledew, 1997; Schell et al., 2007). While less
common in pretreated hydrolysates, bacterial contamination is a significant issue in the
fermentation of first generation feeds (Gombert & van Maris, 2015; Khullar et al., 2012) such
as corn starch (Beckner et al., 2011; Narendranath et al., 1997; Schell et al., 2007; Skinner &
Leathers, 2004) and cane juice (Basso et al., 2013; Lucena et al., 2010), wherein the
contaminants both generate inhibitory acids and compete for necessary nutrients (Bayrock &
Ingledew, 2004). In case of cellulosic fermentations moreover, the bacteria can natively
ferment pentoses into lactic and acetic acid (Schell et al., 2007), making carboxylic acid
inhibition a significant issue at the commercial scale. Early, large infusions of yeast cells
reduce the likelihood of contamination by generating sufficient alcohol to inhibit growth, but
the possibility remains.

While bacterial contamination can be prevented through the use of antibiotics, their
continued usage can lead to the evolution of resistant strains (Bischoff et al., 2009;
Muthaiyan, Limayem, & Ricke, 2011; Rasmussen, Koziel, Jane, & Pometto, 2015). Efforts
are ongoing to develop cost-effective alternative strategies such as chemically sterilizing the
fermentation mash (Muthaiyan et al., 2011; Rasmussen et al., 2015), using phages to limit
contaminants (Worley-Morse, Deshusses, & Gunsch, 2015), engineering yeasts to counter
contaminant bacteria (Khatibi, Roach, Donovan, Hughes, & Bischoff, 2014) and engineering
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growth and culturing conditions so as to prevent contamination (Katakura, Moukamnerd,
Harashima, & Kino-oka, 2011).

4.5. Process Considerations: Ethanol Fermentation Requirements

The fermentation process must fulfill specific requirements in order for the overall
manufacturing process to be commercially and environmentally viable. The primary
constraint on ethanol fermentation is posed by the subsequent distillation step, wherein
ethanol is separated from the fermentation beer. Distillation can account for 60-74% of the
energy consumed during ethanol manufacture (Galbe, Wallberg, & Zacchi, 2013), and has
long been identified as a driver of the overall manufacturing costs (Maiorella, Blanch, &
Wilke, 1984). While efforts are ongoing to optimize distillation configurations so as to lower
its energy requirements (Vane, 2008), the predominant factor affecting it is the final ethanol
concentration after fermentation (Galbe et al., 2007; 2013; Madson, 2003; Maiorella et al.,
1984). High final concentrations of ethanol are thus extremely important to reduce distillation
costs. Post-fermentation liquids, beers, generated from starch-based ethanol fermentation
typically comprise >8% w/w ethanol (10-12% v/v) (Klein-Marcuschamer, Holmes, Simmons,
& Blanch, 2011). In comparison, some lignocellulosic fermentations are currently projected
to generate 4-5% w/w ethanol, which is the minimum required to offset the energy
requirements of distillation (Figure 5) (Galbe & Zacchi 2007). High ethanol concentrations
are also required upon lignocellulosic fermentation to offset the added costs of biomass
collection, packaging and transportation, chemical pretreatment to separate the cellulose and
the use of enzymes to convert structural carbohydrates into monosaccharides (Klein-
Marcuschamer et al., 2011; Klein-Marcuschamer & Blanch, 2015; Stephen, Mabee, &
Saddler, 2011). Thus pretreatment processes, enzymes, and microorganisms able to generate
high sugar concentrations and ferment all of these sugars to ethanol are critical to reducing
product recovery costs.

As a corollary to high final titers, the fermentative process must have a high yield. The
theoretical yields of ethanol are 0.51 g/g from hexoses and 0.51 g/g from pentoses. The yields
are lower in practice as the sugars are diverted towards other metabolic routes. In particular,
sugars are converted into sugar alcohols — predominantly glycerol, but also including xylitol,
mannitol and sorbitol — as a response to osmotic stress (Gibson et al., 2007; Krallish,
Jeppsson, Rapoport, & Hahn-Hagerdal, 1997; Shen, Hohmann, Jensen, & Bohnert, 1999;
Singh, Johnston, Rausch, & Tumbleson, 2010a), which is common during high-gravity (high
sugar concentration) fermentations. Care must be taken to ensure that sugars are diverted
towards ethanol fermentation. This is critical in case of lignocellulosic fermentations, as
lignocellulose bioprocessing is difficult at high dry matter concentrations (Modenbach &
Nokes, 2012; 2013), limiting final ethanol concentrations.

The final requirement is a high productivity rate. Current commercial-scale corn or
sugarcane ethanol fermentations are complete within 48-72 hours, accounting for liquefaction
and saccharification. A comparable or faster turnover is required for fuel ethanol to be
commercially viable, especially from cellulosic sources. To improve the turnover rate and
reduce the high capital cost and high enzyme cost for the current technologies used by
biorefinaries, attempts are continuing developed to overcome the bottlenecks mentioned. Jin
et al. (2016) reported that using AFEX processing technologies combined with cycles of
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recycling enzyme for hydrolysis would shorten the overall process time and avoid subjecting
all the biomass to the slower hydrolysis rate period (Jin et al., 2016). They called the new
system “RaBIT”, shorten for Rapid Bioconversion with Integrated recycle Technology. The
system combined with AFEX process reduced the enzyme loading to 11.9 mg protein per g
glucan, which is attractive for biorefinary application.

4.5.1. Commercial Considerations: Ethanol Usage

Ethanol is the leading biofuel currently in usage. The world production in 2014 was 24.5
billion gallons (http://ethanolrfa.org/pages/World-Fuel-Ethanol-Production). The United
States of America leads the production of fuel ethanol at 14.3 billion gallons. Corn is the
predominant feedstock (98%), with sorghum accounting for the rest. Brazil is the second-
largest producer of ethanol at 6.19 billion gallons, produced from sugarcane juice or
molasses. Fuel ethanol production was begun in 1975, under the National Alcohol Fuel
Program (PROALCOOL), a series of government mandates and subsidies that were phased
out in the early 2000s. While its production is significantly lower than that of the US, Brazil
is significant in using ethanol blends ranging from 25% to 100%, compared to 15% in the
United States. In particular, automobile engines in Brazil have been developed capable of
running on hydrous (95% w/w) ethanol (Kramer & Belanger, 2011).

Fuel ethanol usage in the United States is driven by the Renewable Fuel Standard (RFS),
a Federal program administered by the Environmental Protection Agency (EPA)
(http://www.epa.gov/otag/fuels/ renewablefuels/ index.htm). The program mandates the sale
of specific volumes of ethanol by petroleum refiners, blenders and importers, decided by the
EPA and increased annually. The RFS is aimed at establishing the utilization of 35-36 billion
gallons of renewable fuels, including cellulosic ethanol, biodiesel and other advanced fuels.
Despite improvements in production, ethanol utilization is limited by the availability and
turnover rate for automobiles capable of utilizing it, termed the ‘blend wall’ (Tyner,
Taheripour, & Perkis, 2010).
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Figure 5. Distillation energy demand as a function of ethanol concentration in the beer (Figure 6 from
Galbe & Zacchi 2007).
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While the unit operations involved in cellulosic ethanol manufacture have been
researched extensively, including multiple analyses on the requirements and features of a
viable process (Davis et al., 2015; Dutta et al., 2011; Humbird et al., 2011), cellulosic ethanol
is not as yet a commercially manufactured product. Several plants are being established for
the same across the world (Klein-Marcuschamer & Blanch, 2015; Mutturi, Palmqvist, &
Lidén, 2014). Within in the United States, the leading projects are by Abengoa Bioenergy
(Hugoton, KS), Poet-DSM (Emmetsburg, 1A), and DuPont Energy (Nevada, 1A), all based on
the breakdown of corn stover. The plants are designed to manufacture 20-30 million gallons
of cellulosic ethanol annually, and are projected to begin full function in 2015-16. Other
plants in the Americas include logen-Raizen (Sdo Paulo, Brazil) and GranBio Bioflex 1
(Alagoas, Brazil), based on sugarcane bagasse. Near commercial-scale demonstration units
have been built by Inbicon (Denmark), SEKAB (Sweden) and Weyland (Norway), all aiming
to manufacture cellulosic ethanol from wheat straw, wood chips and bagasse. Efforts are
ongoing to address the various bottlenecks that have prevented commercialization to this
point.

4.6. Alternative Fermentation Fuels: Bio-Butanol

While ethanol is the most common alkanol/alcohol generated through fermentation,
microbes are capable of generating longer chain alcohols, including propanol, butanol,
isobutanol, and butanediol (Atsumi & Liao, 2008; Choi, Lee, Jang, & Lee, 2014; Jang et al.,
2012; Mainguet & Liao, 2010; Yu, Cao, Zou, & Xian, 2010). Due to their longer chain
length, their calorific value and solvent polarity are closer to those of gasoline, making them
fuels that can be utilized in current-generation engines (termed ‘drop-in’ fuels). The higher
chain length also makes them more cytotoxic than ethanol, as a result of which they are
typically generated in much smaller concentrations. Efforts are ongoing to engineer
biocatalysts for their commercially feasible manufacture.

Butanol is considered a suitable ‘drop in’ biofuel (Qureshi & Ezeji, 2008), as well as a
feedstock for bio-based plastics and polymers. It is produced from sugars by bacteria of the
Clostridium genus, C. acetobutylicum and C. beijerinckii being the predominant species used
to make it. Bio-based butanol had been manufactured from starch and molasses on a
commercial scale from 1912 until between 1960, when it became cost-ineffective compared
to butanol synthesized from petroleum (Green, 2011; Qureshi & Blaschek, 2010). The
concept was revived in recent times, following the increased focus on bio-based fuels and
chemicals. An added attraction is the native ability Clostridium species have to ferment
pentose sugars (Tracy, Jones, Fast, Indurthi, & Papoutsakis, 2012), making lignocellulose a
suitable feedstock. The metabolic pathway generates acetone and ethanol as by-products and
is termed ABE fermentation.

The ABE pathway follows the glycolytic breakdown of hexoses and pentoses into
pyruvate. Following its generation, pyruvate can be directed towards several possible
coenzyme moieties, predominantly acetyl, acetoacetyl, and butyryl. Depending upon the cell
metabolic conditions, these are converted into the corresponding carboxylic acids or into
ethanol, acetone and butanol, respectively. Pyruvate can also be directed towards acrylyl
coenzyme, propionyl coenzyme, or a-acetolactic acid, eventually generating propionic acid,
acrylic acid, and 2, 3-butanediol, respectively. These are generated in much smaller
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concentrations, depending upon the Clostridium strain (Tracy et al., 2012). While the yields
are currently very low, the ABE pathway could be theoretically engineered to generate
isobutanol and 1, 4-butanediol.

The principal bottleneck in the commercialization of ABE fermentation is the high
cytotoxicity of butanol. Butanol inhibits cell metabolism at concentrations as low as 0.5-1%
wi/v, compared to 8-10% wi/v for ethanol fermentation in yeasts (Qureshi & Ezeji, 2008). As a
result of the cytotoxicity, ABE batch fermentations result in fermentation yields averaging
30% of theoretical, with correspondingly low titers. While higher yields can be achieved
through flow-through reactor configurations, the resulting product stream is dilute, making
distillation unfeasible. In case of lignocellulosic fermentations, the toxicity is further
exacerbated by the fermentation inhibitors released upon pretreatment (Baral & Shah, 2014).
A recent innovation is the development of perstraction, to remove the fermented butanol and
acetone as soon as they are generated. This is achieved by having an organic extractant in the
reaction vessel, separated from the fermentation broth by a membrane. Due to its lower
polarity, butanol spontaneously migrates into the extraction media, reducing the load on the
fermenting cells (Maddox, Qureshi, & Roberts-Thomson, 1995; Qureshi & Maddox, 2005).
Perstraction enabled the fermentation of 20-23% w/v lactose to 10% wi/v total product.
Further updates to the process were reported recently (Qureshi, Friedl, & Maddox, 2014).
Efforts are also ongoing to improve the butanol tolerance of the fermenting Clostridium
species through genetic engineering, as well as transfer the relevant genes into better
fermenting biocatalysts such as E. coli or Saccharomyces (Branduardi, de Ferra, Longo, &
Porro, 2013). At present, Clostridium species remain the best producers of butanol, with final
product concentrations ranging 1-5% wi/v under batch fermentation conditions, and 0.5-15%
under fed-batch conditions (Kohler, Ruhl, Blank, & Schmid, 2015). Various methods have
also been proposed to better separate the butanol from the product stream (Abdehagh, Tezel,
& Thibault, 2014; Qureshi & Ezeji, 2008). Despite its better fuel properties, butanol
fermentation is currently unfeasible at the commercial scale due to low product concentration,
yield and productivity, compared to ethanol fermentation in yeast.

CONCLUSION

Commercialization of biological processes for cellulose conversion to biofuels has
required the integration of fundamental and applied biology with process engineering to
develop robust, economical systems of technology to efficiently convert a mixture of sugars
locked in plant cell wall polysaccharides. As described above, these efforts required the
metabolic engineering of ethanologens to efficiently convert all plant biomass sugars to
ethanol at high yields and a high final titers so that the resulting ethanol could be distilled
efficiently. The development of a carefully balanced suite of enzymes was needed to
hydrolyze cellulose to glucose for fermentation. While significant process has been made, the
cost of enzymes required are a significant hurdle to cost-effective cellulosic ethanol. Third,
pretreatment processes to enhance the reactivity of cellulose toward enzymatic hydrolysis that
is robust and low cost is critical. Finally, these processing steps must be integrated in a way
that takes into account the fact that plant cell wall components and derivatives thereof formed
during processing can have significant harmful effects on downstream processes. A
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technology and the underlying fundamental research that enables them continue to develop,
future biological conversion of cellulose to biofuels may involve integrated biorefining
approaches that result in processing facilities that make and sell a variety of products,
including fuels. The market for renewable and sustainable carbon-based fuels, chemicals, and
materials is likely to continue to be a significant one into the future. Processes that can realize
value in these markets using plant biomass as a raw material have the potential to have
significant economic, environmental, and societal impacts.
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ABSTRACT

The use of biomass as an energy source has escalated in recent times as a result of
global initiatives in pursuit of alternative and renewable fuels. Biofuels comprise liquid,
solid and gaseous fuels. Biogas is one of the common gaseous biofuels. It is a high
methane fuel. The technology of producing biogas is relatively not sophisticated. Biogas
has gained traction as an energy carrier with potential to contribute significantly to the
global energy mix. Biogas is produced from degradable organic matter by anaerobic
digestion. Anaerobic digestion is a technology that breaks down organic matter in the
absence of oxygen, and the process produces biogas. Biogas typically consists of methane
(50-75%), carbon-dioxide (25-50%), and trace quantities of contaminant gases. There is
need to optimise anaerobic digestion in order to maximise biogas yields. Co-digestion is
one option of optimising anaerobic digestion. Co-digestion refers to the synchronized
digestion of a homogenous mixture of multiple substrates in a single digester. Co-
digestion enhances the efficiency of anaerobic digestion and increases biogas yields for
substrates that have low methane potential. Co-digestion increases methane yields from
low-yielding or difficult to digest materials. Examples of co-substrates for co-digestion
include food wastes, press-cakes, crop residues and animal manures. For the co-digestion
process, selected feedstocks must be compatible to enhance methane yields. The co-
substrates must complement each other in terms of carbon to nitrogen ratio, nutrients and
other physical and chemical factors. This chapter presents an overview of the co-
digestion process, focusing on the principles, selecting co-feedstocks, biomethane
potential of feedstocks, merits and limits of co-digestion.
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INTRODUCTION

The depleting supply of fossil fuels which have negative environmental impacts has
increased interest in search for alternative and cleaner energy sources such as biogas (Sidik,
Razali, Alwi, & Maigari, 2013). Biomass can make a substantial contribution to supplying
future energy demand in a sustainable way (World Energy Council (WEC), 2013). By 2013,
biomass supplied some 50 EJ globally, which represented 10% of global annual primary
energy consumption (WEC, 2013). Biofuels include liquid fuels such as bioethanol and
biodiesel; solid fuels such as fuelwood and charcoal; and gaseous fuels such as biogas.

Biogas is made up of methane (CHa,), carbon dioxide (CO3), and traces of gases generated
from biomass or organic materials under anaerobic conditions (Solomon & Lora, 2009).
Biogas is a high methane fuel. Methane is a fuel that is comparatively clean. In addition, the
technology of producing biogas is relatively not sophisticated (Taleghani & Kia, 2005).
Biogas can be used as an alternative to fossil fuels in power and heat production processes
and can be used as a gaseous vehicle fuel (Weiland, 2010). After removal of contaminants,
the methane-rich biogas (biomethane) can replace natural gas as a feedstock for producing
chemicals and materials (Weiland, 2010).

Biogas is produced by anaerobic digestion (AD) of biodegradable organic matter. Typical
feedstocks for biogas production are manure and sewage, crop residues, the organic fraction
of the waste from households and industry, as well as energy crops including maize and grass
silage (World Bioenergy Association, 2013). The production of biogas through AD offers
significant advantages over other forms of bioenergy production (Weiland, 2010). It is one of
the most energy-efficient and environmentally beneficial technologies for bioenergy
production (Al-Masri, 2001). Traditionally, AD of organic matter (OM) has mainly
been based on a single substrate. However, some feedstocks used for AD have low
biodegradability which leads to low biogas yields. In some cases, although biodegradable OM
can be used as a sole feedstock in AD, the digestion process tends to fail without the addition
of external nutrients and buffering agents (Demirel and Scherer, 2008). This is the basis of
co-digestion as shall be described in this chapter.

One of the approaches of enhancing the economics of AD of OM is to improve the biogas
yield rate by co-digesting more than one substrate as long as such substrates can augment the
missing nutrients in the digesters (Mata-Alvarez, Mace, & Llabres, 2000). Co-digestion
generally refers to the AD of multiple biodegradable substrates. It refers to the digestion of a
combination of selected substrates with a base substrate that an AD system was designed to
handle. Its primary objective is to maximise biogas yields in an AD system by adding
substrates that produce much more biogas per unit mass than the base substrate.

PRINCIPLES OF ANAEROBIC DIGESTION

Anaerobic Digestion as a Conversion Technology

Methane can be produced from biomass by either thermal gasification or biological
gasification. Biological gasification is commonly referred to as AD. The AD process is one of
the most efficiently used methods for conversion of biomass to methane. It is a complex
microbial process occurring naturally in oxygen-free environments (Switzenbaum, 1995;

Complimentary Contributor Copy



Optimization of Biogas Production by Anaerobic Co-Digestion 145

Ward, Hobbs, Holliman, & Jones, 2008). The process is carried out by several different
anaerobic bacteria. In the absence of oxygen, anaerobic bacteria ferment biodegradable matter
into methane and carbon dioxide. The gas mixture is called biogas.

Biogas contains 60 — 70% methane (CH4) and 30 — 40% carbon dioxide depending on the
feedstock type (Taleghani & Kia, 2005). Trace amounts of hydrogen sulphide, ammonia,
hydrogen, nitrogen, carbon monoxide, oxygen and siloxanes are occasionally present in the
biogas (Monnet, 2003). Usually, the mixed gas is saturated with water vapour (Abdelgadir et
al., 2014). A general framework of AD as an energy conversion technology is shown in
Figure 1.

Feedstocks
Infrastmcinre
—
—
Anaerobic
digestion
—
[ |
Prodct Digestate CH, 00y, H)S H,,
No, traces
1 |
Uses Heat Electricity Methanol Process
L steam

Figure 1. Biomass conversion to bioenergy by anaerobic digestion.

Figure 1 shows five key parameters of AD in the conversion of biomass to biogas. The
AD infrastructure, which is principally the digesters, is outside the scope of this chapter.
However, there are many different types of digesters that can be used for AD. The digesters
can be broadly grouped based on their ability to process liquid (wet) and solid (dry) OM
(PEW Centre, 2011).

Digestion Process

Fermentation of OM is a complex process. The process can be divided into four phases.
These are hydrolysis, acidogenesis, acetogenesis/dehydrogenation, and methanogenesis
(Raju, 2012). Hydrolysis is an extracellular process, while the other three steps are
intracellular processes (Demirel and Scherer, 2008). The individual degradation steps are
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carried out by different microorganisms, which partly stand in syntrophic interrelation and
place different requirements on the environment (Angelidaki et al., 1993). The microbes
responsible for the first and second steps, as well as microbes for the third and fourth steps are
linked closely with each other (Schink, 1997). Therefore, the process can be accomplished in
two stages. Figure 2 is a generalised flow chart of methane production from organic
Precursors.

The first microbial groups to intervene are hydrolytic or facultative anaerobes, or
anaerobes which hydrolyse complex organic molecules such as lipids, polysaccharides,
proteins and nucleic acids into simpler products (Giard, 2011). The products are soluble and
transportable through cellular membranes for further degradation (Giard, 2011). The
anaerobes secrete extracellular enzymes that solubilise solids via three mechanisms (Raju,
2012). Firstly, enzymes secreted into the bulk of the liquid adsorb onto a substrate. Secondly,
the microbes attach themselves onto a substrate and release enzymes. Lastly, the anaerobes
attach themselves to the substrate whilst the enzymes are also attached to the anaerobes (Raju,
2012). Besides their hydrolytic roles, the enzymes also act as receptors to transport the
products to the interior of the cells.

g Complex organic compounnds (carbohydrates, proteins, lipids)
g
a Extracellular enzymes produced
B by hydrolytic bacicria .
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Figure 2. Generalised framework of methane production from organic substrates (Modified from Raju,
2012).
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Hydrolysis is often considered as rate-limiting (Appels, Baeyens, Degreve, & Dewil,
2008). This is due to lignocelluloses which act as a barrier to the hydrolysis of insoluble
organic material (Appels et al., 2008). Hydrolysis produces soluble compounds, such as
amino acids, simple sugars and long chain fatty acids. These are readily degraded by the next
anaerobic microbial group called the acidogenesis bacteria. The products are alcohols and
volatile fatty acids (VFA) such as such as acetic, propionic and butyric acids, along with NHs,
H.S, CO; and other by-products (Appels et al., 2008).

The next stage is acetogenesis. In this stage, acetogens use the products from
acidogenesis (such as VFAs and alcohols) and the residues of hydrolysis to produce acetic
acid, CO; and H; (Giard, 2011). The final stage is methanogenesis. Methanogens use the
products of acedogenesis and acetogenesis, such as Hy, CO», and acetate to produce biogas,
which is around 55-70 percent CH4 and 30-45 percent CO2 (Monnet, 2003). This is either by
breaking down the acids to CH4 and CO., or by reducing CO. with hydrogen (Monnet, 2003).
In addition, carbon monoxide (CO), formate (HCOOH), methanol (CHsOH), and
methylamine (CH3sNH) can also be utilised to produce methane (Raju, 2012). There are three
main groups of methanogens that vary according to utilisation of substrates (Gerardi, 2003).
These are:

e Acetoclastic methanogens use acetate as substrate to produce CHs and CO..
CH3COOH — CO; + CH4

¢ Hydrogenotrophic methanogens utilise hydrogen to convert CO to CH4. CO; + 4H>
— CHgs+ 2H,0

e Methylotrophic methanogens use methyl groups such as methanol and methylamines.
3CH30H + 6H — 3CHa+ 3H0

Feedstock Parameters

Many factors affect the performance of AD processes. The factors are related to
feedstock characteristics, reactor design, and operational conditions (Babaee and Shayegan,
2011). Important feedstock parameters include volatile solids (VS), chemical oxygen demand
(COD), biological (biochemical) oxygen demand (BOD), carbon to nitrogen ratio (C/N), and
presence of inhibitory substances (Babaee and Shayegan, 2011; Kwietniewska and Tys,
2014). In AD, the difference between the OM contained before and after treatment is a
significant parameter that it is necessary to control the process. This is measured in term of
total solids (TS), VS, total organic carbon (TOC), COD or BOD (Boe et al., 2005).

The TS content of solid waste influences AD performance, especially biogas production
efficiency (Pavan, Battistoni, Mata-Alvarez, & Cecchi, 2000). Systems used to digest solid
waste are classified according to the percentage of TS in the feedstock (Yi, Dong, Jin, & Dai,
2014).These are: conventional wet (<10% TS), semi-dry (10-20% TS) and modern dry
(>20% TS) (Yi et al., 2014). Abbassi-Guendouz et al., (2012) showed that total methane yield
decreased with TS contents increasing from 10% to 25% in batch AD of cardboard under
mesophilic conditions. Similarly, Forster-Carneiro et al., (2008) showed that biogas and
methane production decreased when the TS contents increased from 20% to 30% in dry batch
AD of food waste.
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TS contain both organic and inorganic matter. Usually, OM is measured by the amount of
carbon in a feedstock (Hamilton, 2012). TOC is the total organic carbon in feedstocks. VS are
the OM component of TS and these are degraded during AD. Methane production is directly
related to VS degradation (Moody et al., 2009). The COD is used to quantify the amount of
OM in feedstocks and predict the potential for biogas production (des Mes et al., 2003). The
COD measures the OM concentration by measuring the oxidant consumption for the
oxidation of the OM in aerobic conditions (Van Haandel and van der Lubbe, 2007).
Theoretical methane yield can be calculated from the COD of a substrate (Kwiethiewska and
Tys, 2014).

Biogas production in relation to COD is about 0.5 | g** COD removed, corresponding to a
methane production of approximately 0.35 | g of COD removed (Angelidaki and Sanders,
2004). The COD has a stoichiometric correlation with methane production, therefore and is
frequently used to express the loading rate of anaerobic digesters (Banks and Zhang,
2010).COD s also a good indicator of the progress of the AD process, as any undigested
material will require oxygen (in an aerobic environment) to complete the degradation (Ward
et al., 2008). However, a considerable fraction of the input COD may not be anaerobically
biodegradable (Batstone et al., 2002).

Another widely used parameter is the BOD. This involves the measurement of dissolved
oxygen used by aerobic microorganisms in biochemical oxidation of OM (de Mes et al.,
2003). It is a measure of the oxygen used by microorganisms to decompose OM. BOD is
similar to COD in that both measure the amount of OM. Examples of typical BOD values
include pig slurry 20,000 — 30,000, cattle slurry 10,000 — 20,000 and wastewater 1000 — 5000
mg/l (Korres et al., 2013).

Another important factor is the C/N ratio. The ratio represents the relationship between
the amount of nitrogen and carbon in a feedstock. The optimum C/N ratio for AD is 20-35:1.
(Kwietniewska and Tys, 2014). If the ratio is low it means that the material is protein rich.
AD of such material results in increased content of free ammonia that causes high pH leading
to methanogenic inhibition (Salminen & Rintala, 2002; Khalid, Arshad, Anjum, Mahmood, &
Dawson, 2011). A high ratio causes rapid depletion of nitrogen causing lower gas production.
A feedstock C/N ratio of 25:1 produces optimal gas production (Gerardi, 2003). Wang et al.,
(2014) reported an interactive effect between temperature and C/N on AD performance.
When temperature was increased, Wang et al., (2014) observed that an increase was required
in the feed C/N ratio in order to reduce the risk of ammonia inhibition. Typical C/N ratios for
some feedstocks are: cattle manure 13:1, chicken manure 15:1, grass silage 25:1 and rice
husks 47:1 (Dioha et al., 2013).

A wide variety of inhibitory substances cause anaerobic digester upset or failure when
they are present in substantial concentrations in wastes (Chen, Cheng, & Creamer, 2008). A
material may be judged inhibitory when it causes an adverse shift in the microbial population
or inhibition of bacterial growth (Chen et al., 2008). The inhibitors are commonly NHs, H,S
and heavy metals (Gerardi, 2003). Free NH3 is the main cause of inhibition since it is freely
membrane-permeable (de Baere, Devocht, Van Assche, & Verstraete, 1984). Methanogens
have the least tolerance to NHs inhibition amongst all the microbes in anaerobic digesters
(Chen et al., 2008). Normally, H.S produced from degradation of compounds and sulphate
reduction is a growth requirement for bacteria (Gerardi, 2003). However, large quantities are
toxic to methanogenic bacteria since they restrain their metabolic activity (Chen et al., 2008).
It is necessary to prevent sulphide toxicity by diluting the input of the digester (Gerardi,
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2003). Alternatively, free H>S can be removed from digesters by production of CO2, H. and
CHa, or by incorporating physico-chemical processes such as stripping, coagulation,
oxidation, precipitation, and biological conversions (Chen et al., 2008). Nonetheless,
sulphides reduce heavy metal toxicity to microbial cells by precipitating heavy metals into
insoluble metal sulphides (Khanal, 2008). In order to manage the concentrations of toxic
substances in anaerobic slurries, maximum permissible limits were set as shown in Table 1.

In addition to the substances shown in Table 1, heavy metals such as lead, zinc, cobalt
and cadmium are of particular concern in AD (Chen et al., 2008). Heavy metals, unlike many
other toxic substances, are not biodegradable and can accumulate to potentially toxic
concentrations (Chen et al., 2008).

Table 1. Maximum permissible limits for concentrations of toxic substances
in anaerobic slurries

Substance Unit Maximum permissible limit
Cyanide (CN") mg/L <25

Copper (Cu) mg/L 100
Chromium (Cr) mg/L 200

Nickel (Ni) mg/L 200 - 500
Sulphate (S04%) ppm 5000
Sodium chloride (NacCl) ppm 40 000
Magnesium (Mg) mg/L 1000 -1 500
Ammonia (NHs) mg/L 1500 -3 000
Calcium (Ca) mg/L 2500 -4500
Potassium (K) mg/L 2 500 -4500
Sodium (Na) mg/L 3500-5500

Source: OLGPB, 1976 cited by Sattler, 2011.

Process Parameters of Anaerobic Digestion

The complex microbial community that is responsible for AD survives in specific
environmental conditions. The main process parameters are oxidation reduction potential
(ORP), pH, temperature and nutrient concentrations (Cantrell, Ducey, Ro, & Hunt, 2008;
Raju, 2012). Optimisation of biogas production requires good control of these parameters.

Firstly, AD takes place in the absence of oxygen. To keep a system under anaerobic
conditions, the ORP must remain well below -200 mV (Appels et al., 2008). Hydrolysis, the
first stage in digestion, requires ORP around -300 mV, while methanogenesis takes place at
ORP reaching -500 mV (Colmenarejo, Sanchez, Bustos, Garcia, & Borja, 2004). Oxygen
increases the relative CO; production during the degradation of acetate, at the expense of CH4
(Giard, 2011). The introduction of oxygen may also inhibit and/or decrease the population of
methanogens by favouring facultative anaerobes competing for reducing equivalents
(Hedrick, Guckert, & White, 1991). Thus, digester design and operation must minimise the
presence of oxygen during the digestion process.

Anaerobic digesters can be designed for psychrophilic, mesophilic or thermophilic
operations. The effect of temperature on AD is well known (Kwietniewska and Tys, 2014).
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Temperature affects the rate of biological processes. Temperatures must be carefully
regulated during AD. Table 2 provides general information on psychrophilic, mesophilic and
thermophilic digestion.

Table 2. Anaerobic digestion at three temperature ranges

Descriptors | References

Psychrophilic (0 — 20 °C)

- Microbial communities acclimated to psychrophilic Kashyap, Dadhich, &
conditions are available for AD Sharma, 2003; Halalsheh,

- For temperate regions, psychrophilic conditions reduce Kassab, Yazajeen, Qumsieh,
digesters substrate heating costs and produce less sensitive & Field, 2010; Giard, 2011
digesters

- Psychrophilic conditions result in less extensive hydrolysis
of organic compounds
Mesophilic (25 — 45 °C)

- Most favourable for AD Kim, Ahn, & Speece, 2002;

- Optimises biogas production rate of livestock manure as Cantrell et al., 2008
livestock manure originates from a mesophilic environment
(38-40°C)

Thermophilic (45 — 65 °C)

- Faster and more extensive hydrolysis for a higher biogas Cantrell et al., 2008; Lee,
production rate Hidaka, & Tsuno, 2008

- A smaller consortium of anaerobic organisms is adapted to
thermophilic conditions

- Thermophilic methanogens exhibit a growth rate
2-3 times faster than mesophilic methanogens thus, a lower
sludge retention time can be used

- Hyper-thermophilic temperatures (70°C-75°C) have been
used to further improve the rate of the process

- Populations of microorganisms found under such extreme
temperatures are very limited

Generally, an increased temperature has a positive effect on the metabolic rate of
microorganisms and the AD process runs faster (Kwietniewska and Tys, 2014). For example,
at 55°C more rapid degradation of fatty acids was found than at 38°C (Ward et al., 2008). In
addition, retention time was shorter as 95% of the methane yield was obtained after 11 days
under thermophilic conditions compared to 27 days under mesophilic conditions (Ward et al.,
2008).

It is not just absolute temperature that matters in AD. Fluctuations in temperature
influence the stability and efficiency of AD (Giard, 2011). This is by affecting the relative
rate of microbial growth and metabolism of the various groups and thus CH4 production
(Cantrell et al., 2008). Chae et al., (2008) reported that biogas production rate was reduced
due to even small changes in temperature. Appels et al., (2008) reported that the AD process
can fail at temperature fluctuations of even 1°C per day. Methanogenic bacteria are more
sensitive to changes in temperature than other organisms present in digesters (Marchaim,
1992). Of the methanogenic group of bacteria, acetoclastic methanogens are the most
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temperature-sensitive group (Appels et al., 2008). Rapid temperature drops also tend to lead
to higher VFA concentrations (Colmenarejo et al., 2004) because of very low metabolic
activity of the bacteria degrading the VFAs (Collins, Woods, McHugh, Carton, & O'Flaherty,
2003).

AD is influenced by pH. A fundamental issue in AD is that equilibrium has to be
maintained between acid and methanogenic fermentation (Marchaim, 1992). Acetate and fatty
acids produced during digestion tend to lower the pH of digester liquor. Most microorganisms
grow best under neutral pH conditions. Other pH values may adversely affect metabolism by
altering the chemical equilibrium of enzymatic reactions, or by actually destroying the
enzymes. Methanogenic bacteria are extremely sensitive to pH fluctuations and prefer pH
around 7.0 as their growth is greatly reduced at pH below 6.6 (Ward et al., 2008; Ogejo et al.,
2009). Low pH can cause the chain of biological reactions in digestion to cease. Each
different phase of AD has its own optimum pH range. A pH range of 7-8 is normally
recommended for methanogens and acetogens. However, pH of less than 6 and greater than
8.5 is considered to have some inhibitory effects on methanogenesis (Raju, 2012).

Macro- and micronutrients supply the basic requirements for bacterial growth. Nitrogen
and phosphorous are the principal macronutrients for all biological reactions occurring in
digesters (Strik, Domnanovich, & Holubar, 2006). For methanogens, they are available in the
form of ammonical-nitrogen (NH4*-N) and othorphosphate-phosphorous (HPO4-P). Methane-
forming bacteria utilise NHs*-N (Gerardi, 2003). A minimum concentration of 40-70 mg
nitrogen/L is necessary to prevent a drop in microbial activity and lower biogas production
(Strik et al., 2006). Ammonium concentrations exceeding 3 000 mg/L can affect methane
production. For AD, the preferred N range stands between 150 mg/L (Dolfing and Bloeman,
1985; Strik et al., 2006) and 200 mg/L (Chen et al., 2008). In addition to macronutrients,
micronutrients (Co, Fe, Ni) are required for methanogen enzymes to transform acetate into
methane (Gerardi, 2003).

Biogas Composition

Biogas is primarily composed of 50 — 60 % CHa, 38 - 48 % CO; (Bothi, 2007). Other
gases present include Na, Hz, H2S and NH3 (Kwietniewska and Tys, 2014). The gas also
contains water vapour (Kwietniewska and Tys, 2014). A comparison of the typical
composition of biogas, natural gas and landfill gas is given in Table 3.

Merits and Demerits of Anaerobic Digestion

There is no doubt in literature that AD presents a cost-effective way to deal with
biodegradable wastes. The process produces valuable products such as biogas and digestate
from wastes. Stabilisation of wastes is an important practice (Tambone, Genevini,
D'Imporzano, & Adani, 2009). As an example, a study on pig slurry by Tambone et al. (2015)
produced results that indicated that AD by itself promoted a high biological stability of
biomass with a Potential Dynamic Respiration Index (PDRI) close to 1000 mg
O2kg VS h™!. In an earlier study, Tambone et al., (2009), working on transformation of
organic matter during AD of mixtures of energetic crops, cow slurry, agro-industrial waste
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and organic fraction of municipal solid waste (OFMSW) concluded that AD caused a higher
degree of biological stability of the digestate with respect to the starting mixture. The merits
and demerits of AD are shown in Table 4.

Table 3. The typical composition of biogas, natural gas, and landfill gas

Components Biogas Landfill gas Natural gas
Bulk components

Carbon dioxide (Vol %) 25-45 12-45 0.61
Methane (Vol %) 50-75 45-88 91

Trace components

Carbon monoxide (ppm) 0 Trace 0
Hydrogen (Vol %) 0 0 Trace to <1%
Volatile organic compounds (Vol %) 0 0 0.25-0.50
Nitrogen (Vol %) 0-2 0-3 0.32

Water vapour (Vol %) 2-7 - -
Ammonia (ppm) ~100 0 0
Hydrogen sulphide (ppm) ~500 10-200 ~1

‘- means value not stated.
Sources: (Monnet, 2003; Graaf & Fendler, 2010 as cited by Zieminski and Frac, 2012).

Table 4. Merits and demerits of anaerobic digestion

Merits Demerits

- Reduces greenhouse gases and provides an - Has the potential to generate some risks and
energy source with no net increase in negative environmental effects
atmospheric carbon which contributes to - Has significant capital and operational costs
global climate change - Traffic movements are created by all waste

- Feedstock for AD is a renewable resource management systems and can be problematic in

- Digestate can be used as bio-fertiliser centralised anaerobic digestion (CAD) plants since

- Provides an integrated management system transport greatly influences costs and emissions
for soil and water pollution in relation to - Risks to human health associated with pathogenic
disposal of untreated manure/slurries load of the feedstock

- Reduction of up to 80 % of the odour and - Larger CAD plants may pose some visual impact
destroys weed seeds, thus reducing the use of although to a certain extent may be reduced by
herbicides and other weed control methods partially sinking the digester into the ground

- Transforms wastes into useful products
(biogas, soil conditioner and liquid fertiliser

Source: (Monnet, 2003).

FEEDSTOCKS

All types of biomass can be used as feedstocks for biogas production as long as they
contain carbohydrates, proteins, fats, cellulose, and hemicelluloses as main components
(Weiland, 2010). The choice of substrate determines the organic loading rate (OLR), amount
of biogas and the methane content of the biogas produced (Raju, 2012). The mass balance of
products of AD depends on three fundamental factors; viz, the feedstock type, the digestion
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system, and the retention time (Braun, 2007). Biomass resources differ significantly in their
chemical composition. This affects their potential for biogas production by AD.

The gamut of biomass resources amenable to AD includes animal manure, MSW, sewage
sludge, food waste, crops and crop residues. Use of the term ‘waste’ when referring to
feedstocks for bioenergy is resisted by some scholars on the basis that it precludes their value
as sources of energy. However, the term will be used in this chapter cognisant of this
observation. AD has been regarded as the waste-to-energy technology and is widely used in
the treatment of various organic wastes.

There are significant populations of livestock in many countries. Livestock produce large
amounts of manure which are suitable substrates for AD. Animal manure is one of the
common feedstocks for AD. Estimates of quantities of manure obtainable from various
livestock species and the associated energy potential are shown in Table 5.

Various organic wastes from households and municipal authorities provide MSW.
Worldwide there are many AD plants in operation using MSW or organic industrial waste as
their principal feedstock. An example of economic sustainability of three different biogas
full-scale plants, fed with different organic matrices: energy crops, manure, agro-industrial
and OFMSW is provided by Riva et al., (2014). They showed that unit costs of biogas and
electric energy were differently distributed, depending on the type of feed and plant. In their
study, the plant using OFMSW showed high management/maintenance cost for OFMSW
treatment. The plant using energy crops had high cost for crop supply (Riva et al., 2014). The
plant using agro-industrial waste showed higher impact on the total costs because of the
depreciation charge (Riva et al., 2014).

Table 5. Livestock manure output and their energy potential

Species Dry dung output” Energy value”
(kg head day?) (GItY

Cattle 1.80 18.5

Pigs 0.80 11.0

Sheep 0.40 14.0

Goats 0.40 14.0

Poultry 0.06 11.0

*Source: Hemstock and Hall, 1995.

Table 6. Classification of municipal solid waste

Type of waste Waste description
Household waste Organic kitchen wastes, sweepings, rags, paper, cardboard, plastic,
bone, metals

Commercial refuse Sources include markets, shops, offices, restaurants, warehouses, hotels
Institutional refuse Sources include schools, government offices, hospitals, religious
buildings

Street sweepings These consist of sand, stones, litter

Source: Ministry of Local Government, Rural and Urban Development, Zimbabwe, 1995.
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MSW is a heterogeneous mixture of multiple wastes produced in urban areas. Typical
composition of MSW is shown in Table 6. Municipal solid waste consists of several different
fractions, both of organic and inorganic nature. MSW is normally sorted into six categories,
namely, food residue, wood waste, paper textiles, plastics, and rubber (Zhou, Meng, Long, Li,
& Zhang, 2014).

Separation of MSW into the putrescible organic fraction has been known to provide the
best quality feedstock for AD (Jingura and Matengaifa, 2009). This fraction of MSW is called
the OFMSW. In some urban centres there is source-sorting of MSW such that the OFMSW is
readily available (Jingura and Matengaifa, 2009). The composition of the OFMSW strongly
depends on the place and time of collection for a specific municipality or area (Alibardi and
Cossu, 2015). The OFMSW is characterised by high moisture and high biodegradability due
to a large content of food waste, kitchen waste and leftovers from residences, restaurants,
cafeterias, factory lunch-rooms and markets (Zhang et al., 2007; Lebersorger and Schneider,
2011).

Crop residues have high potential for AD (Jingura and Matengaifa, 2009). Several crop
residues have been shown to be suitable for AD and these include cotton, maize and rice
residues (Isci and Demir, 2007). However, high lignin content in some straws and other
residues can lead to poor biodegradability and low biogas production.

A number of crops demonstrate good biogas potentials. In fact, all C4 plants have very
good growth yields and produce large amounts of biomass. The most important parameter for
choosing energy crops is their net energy yield per hectare (Weiland, 2010). Many
conventional forage crops produce large amounts of easily degradable biomass which is
necessary for high biogas yields (Braun et al., 2009). Different cereal crops and perennial
grasses have potential as energy crops. Gross crop Yyield and energy potential are shown in
Table 7.

Table 7. Gross crop yield and biogas potential of different crops

Crop Crop yield Biogas yield Methane content
(t FM/ha) (Nm3/(t VS) (%)
Fodder beet 80-120 750-800 53
Sorghum 40-80 520-580 55
Sugar beet 40-70 730-770 53
Maize 40-60 560-650 52
Wheat 30-50 650-700 54
Sunflower 31-42 420-540 55
Triticale 28-33 590-620 54
Grass 22-31 530-600 54
Red clover 17-25 530-620 56
Corn cob mix 10-15 660-680 53
Wheat grain 6-10 700-750 53
Rye grain 4-7 560-780 53

Source: Weiland, 2010.
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Non-food crops can be used for biogas production. An example shown in Table 7 is grass
which has high biogas yields. Other examples of non-food crops that can be used in AD are
Jatropha curcas L. press-cake (Jingura, Musademba, & Matengaifa, 2010) and Arundo donax
L. (Corno, Pilu, & Adani, 2014). A. donax can be used for biogas production in substitution
or partial integration with the traditional energy crops in co-digestion with animal slurries
and/or other biomasses (Corno et al., 2014). Production of biogas by AD of J. curcas press-
cake has been demonstrated (Singh, Vyas, Srivastava, & Narra, 2008). Radhakrishma (2007)
obtained 0.5 m® biogas kg™ of solvent extracted J. Curcas press-cake and 0.6 m? biogas kg
of mechanically de-oiled cake. Singh et al., (2008) observed that biogas production from
J. Curcas press-cake was about 60% higher than that from cattle dung and the gas contained
66% methane.

Sewage sludge abounds in urban areas the world over. It is a vast resource that is
amenable to AD. Wastewater treatment facilities employ anaerobic digesters to break down
sewage sludge and eliminate pathogens in wastewater (Scaglia, D'Imporzano, Garuti, Negri,
& Adani, 2014). A standard practice is to use a small amount of ammonia in full-scale plants
to partially sanitize sewage sludge, thereby allowing successive biological processes to enable
the high biological stability of the OM (Scaglia et al., 2014). However, Scaglia et al., (2014)
have demonstrated that sludge sanitation can be achieved without the addition of ammonia.
Worldwide, the anaerobic stabilization of sewage sludge is probably the most important AD
process (Braun and Wellinger, 2009). In Europe, typically between 30% and 70% of sewage
sludge is treated by AD (IEA, 2009). In developing countries, AD is in most cases the only
treatment of wastewater.

Co-DIGESTION

Principle of Co-Digestion

Co—digestion is the simultaneous digestion of a mixture of two or more different
substrates (Wu, 2000; Barz, 2014). The most common situation is when a major amount of a
main substrate (e.g., manure or sewage sludge) is mixed and digested together with minor
amounts of a single, or a variety of additional substrates (Braun and Wellinger, 2009; Kangle,
Kore, Kore, & Kulkarni, 2012). The expression co—digestion is applied independently to the
ratio of the respective substrates used simultaneously (Braun and Wellinger, 2009). The use
of co-substrates usually improves the biogas yields from anaerobic digesters due to positive
synergisms established in the digestion medium and the supply of missing nutrients by the co-
substrates (Alvarez and Liden, 2008).

Historically, AD was a single substrate, single purpose technology (Kangle et al., 2012).
For example, each type of livestock manure would be digested as a sole substrate in digesters
to produce biogas. Examples can be used to illustrate the principle of co-digestion. For
example, C/N ratio and buffer capacity are important aspects of digester performance (Murto,
Bjornsson, & Mattiasson, 2004). Blood and pig manure have high N content and can be co-
digested with waste that has low N content (Alverz and Liden, 2008). The N and P content in
fruit and vegetable wastes is often low and for this reason it has been used in co-digestion
with wastes with higher N and P content (Callaghan, Wase, Thayanithy, & Forster, 2002).
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The concept of co-digestion is premised on the fact that the biogas yield of individual
substrates varies. The biogas yield of the individual substrates varies considerably dependent
on their origin, content of organic substance, and substrate composition (Weiland, 2010).
Thus, the principle of co-digestion is to increase methane production from low-yielding or
difficult to digest feedstocks and enhance synergistic effects between feedstocks (Alverz and
Liden, 2008; Kangle et al., 2012).

Selecting Feedstocks for Co-Digestion

The fundament of co-digestion is to select compatible feedstocks that enhance methane
production and to avoid materials that may inhibit methane generation (Kangle et al., 2012).
In addition, anaerobic digester systems must be able to handle the significant increase in
methane output that is common with co-digestion (USEPA, 2014).

There are multiple choices for co-digestion feedstocks, including restaurant or cafeteria
food wastes, food processing wastes or byproducts, fats, oil and grease from restaurant grease
traps, energy crops, crop residues, and others (USEPA, 2014). Methods for testing potential
co-digestion feedstocks include biochemical methane potential (BMP) and anaerobic toxicity
assays (ATAs) (Moody et al., 2009). While BMPs provide information regarding the methane
production of a substrate, they are typically highly diluted and may mask potential substrate
toxicity (Moody et al., 2009).

ATAs determine how a particular substrate inhibits methane production by examining
methane production from a mixture of a known degradable substrate and the test substrate
(Sell et al., 2010). An ATA evaluates a substrate's ability to inhibit methane production and
thus determine its potential toxicity (Sell et al., 2010; Moody, Burns, Sell, & Bishop, 2011).
ATAs provide additional information that could be utilized with BMP results to assist with
co-substrate selection (Moody et al., 2011). The ATA procedure is documented in significant
detail in the I1SO (2003) standard.

Examples of substrates that could be toxic have been given in literature. Campos et al.,
(2008), working with liquid livestock waste treated with polyacrylamide (PAM), observed
some indirect inhibitory phenomena of PAM, such as a limited hydrolysis rate due to particle
aggregation, and inhibition of methanogenesis by high ammonia concentration. This could
affect use of such material as a co-substrate. Moody et al., (2011) demonstrated toxicity of
‘enzyme process by-product’ material in AD. Therefore, ATAs are required to thoroughly
evaluate co-digestion co-substrates (Moody et al., 2011).

Although critical to early stage design, BMP, and ATA results may be misleading when
applied directly to full-scale operation due to their lack of information addressing hydraulic
retention time (HRT), substrate interaction, and continuous organic loading (Sell et al., 2010).
However, there are other factors that determine suitability of co-substrates. USEPA (2012)
provided a practical checklist of things to consider when selecting substrates for co-digestion.
The factors stated in their Co-digestion Fact Sheet can be disaggregated and placed into the
categories as adumbrated in Figure 3.

Economic and Legal Factors

Both the availability and cost of co-digestion feedstocks are important factors to consider
(USEPA, 2012). It makes sense to use co-substrates that are readily available within the
location of a plant. Cost of the substrate, in addition to cost of transportation, affects the

Complimentary Contributor Copy



Optimization of Biogas Production by Anaerobic Co-Digestion 157

economic merits of co-digestion (USEPA, 2012). In some jurisdictions, co-digesting multiple
feedstocks may require an anaerobic digester system to obtain additional air, water, or solid
waste permits (USEPA, 2012).

{ Factors to consider when choosing co-digestion feedsiocks

Physical factors ( Economic and legal factors
O Digester caparcity O Local availability and costs
O Iiidng and particle size O Perwits
O Tatal anhids \

~

Chemical factors

U Biondegradabilitsy

O pH

O Gases that suppress bacteria
O Mutrient balance (M ratio)

Figure 3. Factors to consider when selecting substrates for co-digestion.

Physical Factors

Capacity considerations for digesters are at several fronts (USEPA, 2012). First, the
digester must have enough capacity to handle the additional substrate. The second factor is
organic loading rate (OLR). The OLR is the amount of VS fed into the digester each day in a
continuous process (Kwietniewska and Tys, 2014). As the OLR rate increases, the biogas
yield increases to some extent, but above the optimal OLR the VS degradation and biogas
yield decreases due to overloading (Babaee and Shayegan, 2011).

Typical values of OLR ranges between 0.5 and 3 kg VS/m®/d (Poliafico, 2007). Ehimen
et al., (2011) reported that the most effective ORL was 5 g VS I* AD substrate.

The third factor is retention time. There are two significant types of retention time. The
hydraulic retention time (HRT) is the time that the fluid element of the feedstock remains in
the digester (Kwietniewska and Tys, 2014). The solid retention time (SRT) is the residence
time of the bacteria in the digester (Kwietniewska and Tys, 2014). The retention time for
wastes treated in mesophilic digesters ranges from 10 to 40 days (Kangle et al., 2012). Lower
retention times, for example 14 days, are required for digesters operated in the thermophilic
range (Kangle et al., 2012). Given the relatively long generation time of methanogens, SRT
should be over 12 days in order to avoid microbial washout (Gerardi, 2003).

The purpose of mixing in a digester is to create a homogenous feed in the digester and to
ensure blending of fresh material with digestate containing microbes. Co-substrates may vary
widely in particle size. Small particle size has been shown to increase biogas yield because
methane-producing bacteria have better contact with the volatile solids (USEPA, 2012).
Mixing prevents scum formation and avoids temperature gradients within the digester
(Kangle et al., 2012). Thus, co-substrates must complement each other on these variables.
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A general guide is that a low solid AD contains less than 10% TS, medium solids about
15-20%, and high solids 22-40% (Kangle et al., 2012). An increase in TS results in a decrease
in digester volume. For example, mixing liquid manures with drier feedstocks may increase
the TS of feedstock in the digester. The implication is that enough moisture must be
maintained to support AD.

Chemical Factors

The issue of biodegradability of feedstocks varies quite markedly. Generally, animal
manures are digested lower than other organic substrates. This subject will be covered in the
section on BMP of feedstocks. Addition of substrates for co-digestion must increase VS in the
mixture and enhance biogas yield (Kangle et al., 2012).

pH as a process parameter has been discussed in an earlier section. The pH requirements
of microbes involved in AD varies between the acidogenic and methnogenic bacteria. The
dynamic of pH effects is that each different phase of AD has its own optimum range. The
effects of inhibitory substances and C/N ratios have been covered in an earlier section.

Methane Potential of Feedstocks

The biogas yield of the individual substrates varies considerably dependent on their
origin, content of organic substance, and substrate composition (Weiland, 2010). The main
constituents of organic feedstocks are carbohydrates, proteins, and fats. Feedstocks differ
markedly in their chemical composition. Baserga (1998), cited by Weiland (2010), provided
information on gas yields and methane potential of various feedstock constituents. The data
are shown in Table 8.

Table 8. Maximal gas yields and theoretical methane contents

Substrate Biogas (Nm3%t TS) CH4 (%) CO; (%)
Raw fat 1200-1 250 6768 32-33
Carbohydrates® 790-800 50 50

Raw protein 700 70-71 29-30
Lignin 0 0 0

20nly polymers from hexoses, not inulins and single hexoses.
Sources: (Baserga , 1998 cited by Weiland, 2010).

It is quite evident from Table 8 that fats and oils have high potential for methane
production. Anaerobic biogasification potential (ABP) assay, also known as BMP, can be
used in evaluating biogas potential of both organic matrices composing an ingestate mixture
and residual biogas in digestates (Schievano, Pognani, D'Imporzano, & Adani, 2008). It is
prudent at this juncture to define BMP before we situate it in the context of co-digestion. The
BMP provides an indication of the biodegradability of a substrate and its potential to produce
methane via AD (Sell et al., 2010). Such information allows a direct assessment of biogas
yields achieved by the AD process (Schievano et al., 2008). The BMP is a good method of
establishing baseline performance data for AD (Speece, 1996). However, as stated earlier,
ATAs also need to be considered in co-substrate selection (Moody et al., 2011).
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Table 9. Multiple stepwise linear regression for predicting ABP

Model | Equation Variables involved

1 ABP =20.497*VS*1241.534 VS

2 ABP = 13.782*VS + 26.161*0D20%2-997.890 VS, 0D20*?

3 ABP = 10.480*VS + 23.178*0D20%2+ 10.979*TOC-1038.667 VS, 0D20*?, TOC

4 ABP = 8.445*VS + 19.173*0D20Y2+ 10.942*TOC + VS, 0D20%?,
2.913*CS-1067.198 TOC, CS

0OD20 — Oxygen demand in a 20-h respirometric test. CS — Cell soluble. Source: (Schievano et al.,
2008).

Table 10. Chemical composition and cumulative and ultimate methane
yields of substrates

Substrate n |pH | TS VS Cumulative Ultimate
methane yield methane yield

g kg! g kgTS? L kgTS™! L kgvs? L kgvs?

Grass silage 4 |45 | 314 928 296 319 320

Maize silage 3 142 | 174 952 292 307 339

Hay 4 |- 913 937 268 286 292

Pig slurry 117 69.9 794 252 317 321

Cattle slurry 9 |77 |78 782 186 238 247

Raw milk 1 |- 128 993 508 512 517

Distillery slop 1 |32 |554 912 306 335 385

Source: (Luna-delRisco et al., 2011).

BMP assays are a useful tool for determining the best substrate and co-digestion
configurations (Nielfa, Cano, & Fdz-Polanco, 2015). However, there are some methodologies
designed to save costs and time from this process by using the theoretical final methane
potential of a substrate from its organic composition (Nielfa et al., 2015). Several methods
could help to determine theoretical methane potential based on COD characterisation,
elemental composition or organic fraction composition (Nielfa et al., 2015). An example is
given by Schievano et al., (2008). Considering both quantitative (VS and TOC) and
qualitative aspects of OM, four models were proposed to predict ABP (Schievano et al.,
2008). The models are shown in Table 9.

BMP assays have been widely used to determine the methane yield of organic substrates
in specific conditions (Gunaseelan, 2004). A study by Luna-delRisco et al., (2011) provides
some data that can be used as an exemplar of BMP of some feedstocks. The data are shown in
Table 10.

A study by Gunaseelan (2004) showed that the ultimate methane yields of fruit wastes
ranged from 0.18 to 0.732 | g* VS, and that of vegetable wastes ranged from 0.19t0 0.41 | g
VS. Labatut et al., (2011) reported the BMP of used vegetable oil as 648 mL g VS. In fact,
crop materials (energy crops, maize, etc) and non-agricultural wastes (biowaste, food waste)
have higher BMP than animal manures. Zhang et al., (2009) reported that the average
methane content of biogas from AD of food waste was 73%. This explains why co-digestion
of animal manure or feedstocks with low carbon content with food waste can improve process
stability and methane production (Zhang et al., 2008). Literature abounds with a plethora of
studies on co-digestion of animal manure with food and vegetable wastes. Examples of such
studies are shown in Table 11.
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Table 11. Examples of studies that have demonstrated the advantages of co-digestion

Study co-substrates

Findings

References

Different mixing
ratios of cattle waste
and cassava peels
(1:1;2:1,3:1, 4:1)

Biogas yield increased to 21.3,19.5, 15.8, and 11.2
L/kg TS, respectively

Adelekan and
Bamgboye, 2009

Cow dung and pig
manure in a ratio
of 1:1

Maximum increase of seven and three fold of
biogas compared to mono cow and pig manure
substrates, respectively

Muyiiya and
Kasisira, 2009

Dairy manure and

Biogas yield was 241, 282 and 311 L/kg VS

El-Mashad and

food waste in ratios Zhang, 2010
100/0, 68/32 and

52/48

Mixtures of dairy Methane yields increased by 2 to 4.6 times over Zhu, Wan, & Li,
manure with various | the control 2011

different food wastes

(dairy manure only)

Cattle manure with
organic kitchen

Substantially increased the biogas yields by 24 to
47% over the control (organic kitchen waste and

Aragaw, Andargie,
& Gessesse, 2013

waste

dairy manure only)

Numerous energy crops have been tested for their methane formation potential. Examples
of energy crops used in AD plants include maize, sunflower, miscanthus, and various grasses.
In principle, many varieties of grasses, clover, cereals and maize including whole plants, as
well as rape or sunflower have proved feasible for methane production (Braun et al., 2009).
Depending on numerous conditions, a fairly wide range of methane yields, between 120-658
m3 t1VS, was reported in literature from AD of different crops (Braun et al., 2009). For
example, methane yields for miscanthus, Sudan grass, and ryegrass were 179-215, 213-303,
and 390-410 m? t1VS, respectively (Braun et al., 2009).

Selected Examples of Co-Digestion Plants

The numbers of co-digestion plants are continuously increasing, particularly in many
European countries and this has become a standard practice (Braun and Wellinger, 2009).
Germany is a notable leader in biogas production. The typology of plant types is as follows:

e Sewage sludge

e Biowaste

e  Agriculture

e Industrial waste

e Landfill (valorisation)

A good number of new sewage treatment plants or plant extensions are increasingly using

co-substrates. The co-substrates include source-separated biowaste, kitchen waste, fat waste,
flotation sludges, and various other materials. In agriculture, co-digestion has become a
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standard technology. In Austria, 293 plants were implementing co-digestion, 11 in Finland,
and 29 in Switzerland (International Energy Agency, 2014).

Developments in AD technology continue to rise as more possibilities are explored. For
example, biorefineries for production of several products and by-products such as biofuels,
heat, and/or electricity have been in focus in the recent years (Chen et al., 2005; Zhang,
2008). Production of multiple types of biofuels and energy products from a commercial
biorefinery is a compelling alternative to maximise the energy value of available biomass
resources (Papa et al., 2015). In a biorefinery, biomass can be converted to useful
biomaterials and/or energy carriers in an integrated manner (Thomsen, 2005). The advantage
of this practice is that it can maximize the economic value of the biomass used while reducing
the waste streams produced (Thomsen, 2005).

Papa et al., (2015) demonstrated the benefits of ionic liquid pretreatment of biomass as
strategy to optimise total energy production by combining bioethanol and biogas production.
Kaparaju et al., (2009) investigated the production of bioethanol, biohydrogen, and biogas
from wheat straw within a biorefinery framework. Their work (Kaparaju et al., 2009) showed
that either use of wheat straw for biogas production or multi-fuel production were the
energetically most efficient processes compared to production of mono-fuels such as
bioethanol when fermenting Cs sugars alone. This is ongoing work that is important for
integrated biorefinery technology.

Merits and Limits of Co-Digestion

Several studies have demonstrated that using co-substrates in AD system improves the
biogas yields (Wu, 2000; Braun and Wellinger, 2009; Kangle et al., 2012). This is due to the
positive synergisms established in the digestion medium and the supply of missing nutrients
by the co-substrates (Wu, 2000; Kangle et al., 2012). Studies, as those shown in Table 11,
have demonstrated that co-digestion of a variety of substrates, especially the utilization of
animal manure together with solid agricultural residues and/or energy crops, improves the
nutrient balance and the AD process is more stable (Barz, 2014). A further advantage of co-
digestion is optimisation of use of digester volume which will result in increased plant
capacities and the equalization of solid matter distribution in the digester (Barz, 2014). The
utilization of agricultural residues as feedstocks in AD contributes to economic,
environmental and social sustainability (Barz, 2014).

Kangle et al., (2012) have summarised the merits and limits of co-digestion as given
below. These are:

Advantages:

e Improved nutrient balance and digestion

e Additional biogas collection

o Possible gate fees for waste treatment

e Additional fertilizer i.e., soil conditioner

e Renewable biomass disposable for digestion in agriculture
e Optimisation of use of digester space
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Disadvantages:

e Increased digester effluent COD

o Additional pre-treatment requirements
e Increased mixing requirements

e Wastewater treatment requirement

e Hygienisation requirements

e Restrictions of land use for digestate

e Economically dependent on crops

It is important to note that the main benefits of co-digestion, as given above, relate to
enhanced biogas yields, economic merits, and benefits to agriculture. However, agricultural
wastes have other uses within farming systems which are not necessarily for energy
production. The disadvantages do not apply in all cases. For example, land use for digestate
might not be a concern in crop situations that rely on bio-fertilisers.

CONCLUSION

Biogas is a growing fuel in the 215t century and this is not a disputable fact. Co-digestion
is a technology that can be used to optimise production of biogas. Evidence abounds in
literature that co-digestion can be used to enhance biogas yields of the AD process. The
principle of co-digestion is to enhance the synergistic effect between feedstocks. Where
feedstocks complement each other, the co-substrates improve biogas yields. There are also
economic benefits brought about by this technology due to shared equipment and increased
gas yields.
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Chapter 5

CURRENT DEVELOPMENTS IN THERMOCHEMICAL
CONVERSION OF BIOMASS TO FUELS
AND CHEMICALS

Chan Seung Park*and Arun S. K. Raju’

College of Engineering - Center for Environmental Research and Technology,
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ABSTRACT

Biomass is the largest concentrated carbon source available for producing renewable
energy. Thermochemical conversion of biomass has been used for centuries in various
settings. Biomass typically has a higher oxygen and volatile matter content than other
solid carbon feedstocks, resulting in increased reactivity during conversion by
thermochemical pathways. Moisture content of the biomass feedstock exerts significant
influence on the conversion process and is an important criteria used to classify various
thermochemical conversion technologies. This chapter discusses the current status and
future outlook of thermochemical biomass conversion processes.

Keywords:  biomass, gasification, pyrolysis, hydrothermal treatment, steam
hydrogasification, combustion

INTRODUCTION

Biomass can be defined as plant materials and animal waste, although broader definitions
that include other forms of carbonaceous waste are used in the renewable energy context.
Earth’s primary source of biomass is the plant matter that grows through photosynthesis. The
carbon stored in biomass is from the carbon dioxide consumed during photosynthesis and is
ultimately converted back to carbon dioxide during any energy generation application. As is
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well known, biomass based processes are often carbon neutral, i.e., do not add additional
carbon dioxide to the atmosphere, or have a very low carbon footprint. For these reasons,
biomass is the largest and most widespread carbon source for producing renewable energy
and is relatively free of the fluctuation problems inherent to wind and solar energy. A
comprehensive inventory of biomass resources in the United States potentially available for
energy production is available in the ‘billion-ton study’ by the U.S. Department of Energy
(Perlack et al., 2005).

The oldest energy conversion process used by humans is biomass combustion in open air
to produce heat. Biomass burning is still a dominant process in many parts of the world and
thermochemical conversion of biomass to energy has a long scientific history. Since then,
various thermochemical processes for biomass conversion have been developed to overcome
the primary limitation of combustion: it only produces thermal energy along with the flue
gases. Thermochemical biomass conversion to gaseous and liquid fuels has been studied and
practiced for centuries. Production of chemicals and other non-fuel, high value products from
biomass is another important application of thermochemical processes. The first such
example is charcoal production from wood, practiced as early as around 4,000 B.C.

Compared to coal, which is the most widely used conventional solid fuel for energy
production, the oxygen and volatile matter content of biomass is typically higher whereas the
ash content is lower (Drift, 2015). This high oxygen content makes biomass a good fuel
although oxygen itself does not contribute towards the energy value of the fuel. The higher
oxygen content results in reduced air (oxygen) requirement during the combustion reaction.
Table 1 summarizes the Lower Heating Value (LHV) of different fuels. Coal has a higher
LHV than biomass per unit mass of the fuel. However, once the volume of air required for
complete combustion is taken into account (LHV per mass per air mix), biomass’ value is
higher than that of coal, and is even comparable to methane.

Nearly 80% of the carbon in the biomass is typically considered ‘organic’, i.e., bounded
to hydrogen or oxygen. Organic carbon is highly reactive compared to elementary carbon,
resulting in improved conversion and thus makes biomass an attractive feedstock for
thermochemical production of fuels and chemicals, especially from the conversion
perspective. Table 2 summarizes the typical oxygen and volatile content of coal and biomass.
Conversion of the volatile portion of the biomass feedstock into gaseous species starts around
225 to 300°C and is mostly complete around 500 to 600°C (Gaur & Reed, 1998). While
elemental, non-volatile carbon decomposes at temperatures above 800°C, much higher
temperatures (>1200°C) are desirable to avoid potential problems associated with ash
softening (Higman & Burgt, 2011). Thus, thermochemical conversion of biomass can be
performed at much lower temperatures than is needed for coal, with a higher conversion
efficiency.

Table 1. Comparison of LHV values of methane, coal, biomass and hydrogen

LHV Methane Bituminous Coal Biomass Hydrogen
MJ/kg fuel (GREET, 2010) 47 27 18 120
MJ/kg fuel/air mix 2.62 244 2.60 3.36
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Table 2. Oxygen and volatiles content of coal and biomass

Components Bituminous Coal Biomass
Oxygen (wt. %, daf*) 14 43
Volatiles (wt. %, daf) 42 82

*daf: dry ash free.

From the thermodynamic point of view, at the typical biomass conversion temperature of
800°C, the product gas typically has higher concentrations of more valuable Cy. species.
Table 3 shows product gas composition of a biomass gasifier operated by the Milena project
(Milena indirect gasifier, http://www.milenatechnology.com), a well-known biomass
gasification demonstration project in Europe. The typical coal gasifier is operated at higher
temperatures (1400°C) and the product gas composition is closer to thermodynamic
equilibrium values.

Table 3. Comparison of product gas composition under equilibrium conditions with
those from a biomass gasifier

Mole Fraction, % H. Co CO2 CH4 Cox+
Equilibrium value 51 45 3 1 0
Measured (Milena FB gasifier) 25 33 18 15 6

The composition also shows that the product gas has a lower syngas ratio (syngas or
synthesis gas is a mixture of hydrogen and carbon monoxide and syngas ratio is the molar
ratio of Hy to CO), which typically provides more flexibility during use in downstream
processes that require specific syngas ratios. Syngas ratio can be increased using the well-
known, commercially mature, water-gas shift process. Syngas ratio reduction is achieved
through techniques such as membrane separation, and presents a number of technical
challenges (Peer, Mahdeyarfar, & Mohammadi, 2009). Higher CH4 content is also beneficial
since the product gas is often used as a fuel in combustion engines or boilers. Cy, i.e.,
gaseous carbon species with a higher carbon number, can potentially be used as a feedstock in
chemical production. Such high value co-products can provide an additional revenue stream,
improving the overall economics of the conversion plant.

In conclusion, biomass is the only concentrated renewable carbon source that can be
converted into fuels and chemicals with a zero or very low carbon footprint. Unlike biological
processes that only convert part of the biomass, thermochemical processes can generally
convert all the carbon in the feedstock. Biomass is a reactive, desirable feedstock
for thermochemical processes due to the higher oxygen content compared to coal.
Thermochemical conversion of biomass offers significant versatility since the product gas can
be converted into fungible liquid fuels, thereby offering a pathway to reduce the carbon
intensity of all major energy use sectors, including transportation. The product gas from most
thermochemical processes can also be converted into high value chemicals such as ethylene,
BTX (Benzene, Toluene, and Xylene).

Some thermochemical processes such as fast pyrolysis and hydrothermal liquefaction
directly produce a liquid product. Thermochemical processes can also handle intermediate
products and waste biomass from biological conversion processes (Ohrman et al., 2013).
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High value chemicals production from biomass in a ‘bio-refinery’ setting with energy as a
major co-product may be the path to economic viability in the near future.

This chapter presents an overview of the different thermochemical processes that convert
biomass into a high energy content gaseous or liquid product and/or additional thermal
energy. A discussion of the unique aspects of different technologies from different end use
perspectives is also provided.

CLASSIFICATION OF THERMOCHEMICAL BIOMASS
CONVERSION PROCESSES

Biomass consists of organic and inorganic matter and often significant amounts of
moisture. Organic matter in biomass contributes to its calorific value. Organic matter can
be further classified into cellulose, hemicellulose, and lignin. The inorganic matter is
conventionally referred to as ash. Compared to conventional fuels, the oxygen content of
biomass is typically very high, approximately ranging from 20~50% by weight. The moisture
content plays a very important role in selecting the appropriate thermochemical conversion
process. Heating value of biomass is heavily dependent on the moisture content. The LHV
value is negative for biomass with a high moisture content (80%), since the heat released
during the combustion process is not sufficient to evaporate all the water (Swaaij & Kersten,
2015). Therefore, biomass is usually dried under sunlight or through other methods, e.g.,
using recycled thermal energy as part of feed preparation. Solar and air drying in the
production field is the preferred method of drying, primarily due to the lower cost. However,
there are several conversion routes that use wet biomass feedstocks without the need for
drying. Whether a conversion process uses wet or dry biomass as the feedstock is an
important criterion for the classification of biomass conversion processes. A technology is
categorized as a wet biomass process based on whether the moisture in the feedstock plays an
important role in the process, either as a major reactant, or as physical media to maintain the
reaction environment. In other words, wet biomass processes do not benefit from drying the
feedstock, and often require the feedstock to have a certain quantity of moisture. Table 4 lists
the wet and dry biomass feedstock processes, and these processes are discussed in detail in
the rest of the chapter.

Recently, the bio-refinery concept has emerged as an important option. A bio-refinery
integrates several conversion and resource recovery processes with the aim of maximizing
process efficiency, minimizing waste and improving profits (Patel, Zhang, & Kumar, 2016).
An integrated bio-refinery may use additional feedstocks besides biomass and will produce
multiple products including fuels, chemicals and thermal or electrical energy. The bio-
refinery concept is still evolving, and has the potential to be an important biomass utilization
option in the future that incorporates a wide range of options including biological and
thermochemical processes to overcome the limitations of specific technologies.
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Table 4. Classification of biomass conversion processes
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Feedstock Technology Features
Biological* Anaerobic digestion, or alcohol production from sugars by
biomass hydrolysis and fermentation
Hydrothermal High pressure conversion to a hydrophobic oil. Often
Wet biomass | conversion involves further catalytic conversion to methane, liquid
fuels or chemicals
Supercritical Conversion occurs under supercritical conditions
gasification
Steam Uses hydrogen and steam as the gasifying agents
hydrogasification
Oil extraction form Trans-esterification or hydrogenation of vegetable oil from
seeds* oil seeds to produce bio-diesel
Direct combustion Generate heat or power through the direct combustion of
biomass
Dry biomass | Slow pyrolysis Heating up the biomass in the absence of air (or oxygen)
with slow heating rates to produce biochar and gaseous
products
Fast pyrolysis Extremely fast pyrolysis of biomass with very high heating
rates resulting in crude oil like bio-oil and gaseous
products
Gasification Biomass is converted into syngas using air or oxygen or
hydrogen as the gasifying agent

*These processes are outside the scope of this chapter and are not covered.

BiomMAss CONVERSION PROCESSES
Wet Thermochemical Processes

Hydrothermal Conversion Process

Hydrothermal conversion has been studied for more than a hundred years. Friedrich
Bergius, who would later receive the 1931 Nobel Prize in Chemistry along with Carl Bosch,
developed the Bergius process that produces liquid fuel through hydrogenation of crude oil
derived from hydrothermal treatment of coal. The technology was also applied to peat and
plant material (Bergius, 1912). Hydrothermal conversion converts biomass into ‘bio-crude’
through thermal depolymerization under high pressures and moderate temperatures and has
since then been studied by several research groups. A comprehensive review of the
hydrothermal conversion process of the biomass is provided by (Peterson et al., 2008).

Hydrothermal processes can convert all types of biomass, including wet organic biomass,
and typically involves the use of a catalyst to improve conversion efficiency. The product bio-
crude can be further processed into high quality diesel or kerosene. The fast pyrolysis process,
discussed later, is a dry conversion process that produces a bio-crude (or bio-oil) from dry
biomass feedstock. Hydrothermal conversion process has lower efficiencies caused by the
significant energy requirement of water evaporation.
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Hydrothermal conversion processes can be further divided into supercritical and
subcritical hydrothermal conversion processes. A supercritical hydrothermal conversion
process developed by Aalborg University and commercialized by Steeper Energy under the
name of “Hydrofaction” converts organic wastes into a raw bio-crude under supercritical
conditions in the presence of K,COs catalyst (Hoffmann, 2013). Another process, referred to
as the “Catliq” process uses Zirconia catalyst under supercritical conditions to produce a bio-
crude with less than 6% oxygen content (Toor et al., 2012).

Shell research group has demonstrated a subcritical process named Hydro Thermal
Upgrading (HTU) that converts the biomass into bio-crude with and without a catalyst
(Berends, Zeevalkink, & Naber, 2004). Research has shown that in the presence of a catalyst
with adequate activity, conversion could be accomplished at conditions that are less severe
than supercritical. A number of catalysts including ones based on Ru, Carbon, and Ni have
been proposed with the ultimate goal of developing an optimal hydrothermal conversion
process under subcritical conditions (Elliott, 2011).

Supercritical Gasification

The supercritical condition for water is the combination of T > 374°C and P > 218 atm.
Under these conditions, distinct liquid and vapor phases do not exist and the water exists as a
single phase fluid (Peterson et al., 2008). The general reason to use supercritical conditions
for wet feedstocks is to minimize the energy loss associated with water evaporation.
Transition of liquid water to the gas phase (steam) requires a large amount of heat, so called
“the heat of vaporization”, which can be recovered in theory, but needs very efficient heat
exchanger design. By operating the conversion process under supercritical conditions,
uniform temperature profile along the reactor can be expected without the formation of
multiple phases of water (liquid water, steam and/or superheated steam), which in turn results
in efficient heat transfer between the product gas and feed inlet of the gasifier.

Supercritical biomass gasifiers typically operate around 500 to 750°C without a catalyst
or at temperatures below 500°C in the presence of a catalyst. The presence of supercritical
water leads to rapid hydrolysis of biomass and high solubility of intermediate reaction
products including gaseous species. These features make supercritical gasification as
excellent tool for the conversion of very wet feedstocks such as aquatic biomass and sewage
sludge (a.k.a. biosolids) that normally require considerable drying before they can be gasified
economically. Supercritical gasification also produces a high pressure product gas, thereby
eliminating the need for the product gas compression required by most down-stream
processes. A detailed discussion of process efficiency and other aspects of supercritical
gasification is available in the article by (Dinjus & Kruse, 2004). For example, the
gasification efficiency of a biomass feedstock with 80% water content using conventional
steam reforming reaction is only 10%, while that of supercritical gasification can be as high
as 70%.

However, there are several technological issues that must be overcome in order for
supercritical processes to be commercially viable:

e Supercritical gasification processes need large heat input. Design of highly effective
heat transfer methods is critical to achieve desired energy conversion efficiency.
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o The feeding of wet biomass is another barrier, although slurry pumps have been used
to feed into high pressure vessels. However, achieving reliable feeding into a
supercritical gasifier operating under very high pressures is still a significant
challenge.

e Other issues such as fouling, plugging of the feedstock, and corrosion are well
reviewed by (Marrone & Hong, 2008).

e Higher capital costs due the high operating pressure also has a negative impact on
economic performance.

For these reasons, supercritical gasification processes are still in the development stage
(Antal, Allen, Schulman, Xu, & Divilio, 2000). University of Twente operates a pilot plant
and is involved in active research and development (Knezevic, 2009). The VERENA group
operates a somewhat larger pilot plant with 100 kg per hour throughput in Karlsruhe,
Germany (Fritz, 2009).

Steam Hydrogasification

Steam hydrogasification uses steam and hydrogen as the gasifying agents and is
especially suited for the conversion of wet feedstocks since it utilizes the water from the
feedstock as a major reactant (Hydrogasification, 2010). Hydrogasification, using only
hydrogen as the gasifying agent, is a well-known conversion technology but is not considered
commercially viable due to several issues, including low conversion efficiencies and
requirement of an external hydrogen source (Mozafarrian & Zwart, 2000). Research has
shown that hydrogasification in the presence of steam significantly enhances the rate of
methane formation under specific process conditions, thereby improving the overall process
efficiency (Jeon et al.,, 2007; Raju et al. 2009). This process, referred to as “steam
hydrogasification”, produces a product gas with a high methane content. The product gas also
contains considerable amount of unreacted steam along with CO, CO», Hz, and some higher
molecule hydrocarbons. The product gas can then be converted into various fuels or chemical
products.

An example block flow diagram for Renewable Natural Gas (RNG) production is shown
in Figure 1. The feedstock is turned into a slurry through a hydrothermal pretreatment process
(HTP) and is transported into the steam hydrogasification reactor (SHR) using a slurry pump.
A portion of the necessary steam enters the reactor as water that is part of the slurry along
with additional superheated steam and recycled hydrogen.

Clean-up

Figure 1. Block flow diagram of RNG production by steam hydrogasification process.
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The methane-rich gasifier product gas is then subjected to warm gas cleanup in order to
remove contaminants such as sulfur and other species. Following this, the excess steam and
CO is converted into hydrogen in a water gas shift reactor (WGS). This is an important aspect
of the process: Even though the steam hydrogasification process needs hydrogen, it does not
require an external source of hydrogen. The hydrogen is separated and fed back into the
gasifier, making the process self-sustained in terms of the hydrogen supply. The process is
currently undergoing demonstration (Park & Norbeck, 2011).

Dry Thermochemical Processes

Gasification

Gasification, which implies incomplete combustion (also commonly referred to as partial
oxidation) of the carbonaceous feedstock, is one of the most attractive options to convert
biomass into high value products including liquid and gaseous fuels, chemicals and
electricity. Gasification is the most popular among the thermochemical conversion processes
with the exception of direct combustion. Gasification processes have several advantages and
disadvantages over other conversion technologies. The main advantages are that the
gasification feedstock can be any type of biomass including agricultural residues, forestry
residues, byproducts from chemical processes, and even organic municipal wastes. Moreover,
gasification typically converts all the carbon in the feedstock, making it more attractive than
enzymatic ethanol production or anaerobic digestion where only portions of the biomass
material are converted to fuel. The second advantage is that the product gas can be converted
into a variety of fuels (Hz2, RNG, synthetic diesel and gasoline, etc.) and chemicals (methanol,
acetic acid). Thus gasification is most suitable to produce chemicals that can be alternatives to
petroleum based products.

Gasification processes are primarily designed to produce synthesis gas (syngas, a mixture
of hydrogen and carbon monoxide) by converting the feedstock under reducing (oxygen
deficient) conditions in the presence of a limited amount of gasifying agent such as air or
oxygen (Higman & Burgt, 2011). Gasification consists of 3 major steps. The first step is
devolatilization of the dried feedstock to produce the fuel gas for the second step, which is
combustion. The combustion step produces the necessary heat and reducing environment
required for the final step. The final step (so-called reduction step, char gasification step or
syngas production step), is the slowest reaction phase in gasification, and often governs the
overall gasification reaction rate. These 3 steps can be shown as:

Devolatilization: Feedstock -> Fuel gas +Char
Combustion: Fuel gas + Air - Flue gas + Heat  (~25% of carbon)
Reduction: Fuel gas, Char + Heat - Syngas (~75% of carbon)

Gasification:  Feedstock + Air - Syngas + Flue gas + Ash

Approximately 25% of carbon in the feedstock is consumed in the combustion step to
provide the heat and reducing environment for the reduction step. A detailed discussion of
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gasification, including minor steps and considerations is available elsewhere (Higman &
Burgt, 2011).

The dual fluidized bed reactor configuration is a well-known option for the gasification
of biomass feedstock. This configuration uses two separate reactors, one for the combustion
and the other for the reduction reaction.

Benefits of the dual bed configuration for biomass gasification are (Basu, 2010):

e Provides improved process efficiencies and avoids the challenges related to ash
melting by operating at lower gasification temperatures (normally greater than 800°C
but below the ash softening point).

e  Other fuel sources can be used for the combustion step to overcome the low heating
value of the biomass feedstock. These fuels include char bi-product from the
reduction reactor or other designated fuels such as methane.

e Airis only used in the combustion reactor and does not enter the reduction reactor,
thereby preventing nitrogen dilution of syngas, a major problem in air blown
gasifiers (Proll, Rauch, Aichernig, & Hofbauer, 2005).

The heat required for the reduction reaction is supplied through the bed material
(typically sand) from the combustion reactor. The bed material is continuously circulated
between the two reactors while the ash is removed from the bed material using cyclones and
the gases from the two reactors are not allowed to mix. The Milena project gasifier uses the
two reactor configuration (Van der Meijden, Veringa, Van der Drift, & Vreugdenhil, 2008).

A major challenge of biomass gasification is to overcome the higher specific capital and
operating costs. This is due to the much smaller plant sizes (normally less than five hundred
tons per day of feedstock throughput) compared to coal gasification plants (tens of thousands
of tons per day). The plant size is determined by biomass availability and related logistic
issues and transportation costs inherent to any distributed resource. Other challenges include
the presence of undesirable species such as alkali compounds in biomass ash. Alkali materials
such as sodium and potassium cause slagging and fouling problems (Huber, Iborra, & Corma,
2006). Most biomass gasifiers operate below the ash softening temperature to avoid ash
melting. The lower temperatures also lead to lower capital cost requirement, resulting in
favorable process economics. However, lower temperatures often result in the formation of
undesired tar, which leads to severe operational problems. A number of catalysts and process
configurations have been developed to address this issue, but tar problems still persist (Knoef,
2012). Addition of a catalytic tar cracker to the outlet of the gasifier to decompose the tars
into smaller molecules has been considered (Bridgwater & Boocock, 1997). Washing out the
tars while the product gas is cooling down has also been proposed, but this approach requires
rigorous treatment of the washing water. Tar formation is still a major challenge and is
regarded as the “Achilles heel” of biomass gasification processes. These issues are not to be
underestimated and careful attention is required in the design and operation of biomass
gasifiers.

Slow/Fast Pyrolysis

Pyrolysis is the thermal decomposition of the feedstock in the absence of oxygen. The
products of biomass pyrolysis are char, bio-oil (also referred to as bio-crude) and gases
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including methane, hydrogen, carbon monoxide, and carbon dioxide. Pyrolysis can be further
classified into slow and fast pyrolysis based on the residence time of the solid biomass in the
reactor. Fast pyrolysis, also known as flash pyrolysis, is normally conducted under medium to
high temperatures (usually 450°C to 550°C) at very high heating rates and a short residence
time (e.g., milliseconds to a few seconds).

The objective of the process is to maximize the liquid yield and minimize the production
of char and gases. This requires fast heating of the biomass and produces bio-oil (~60% by
weight) and other products including gas and char (Scott & Piskorz, 1982). On the other hand,
slow pyrolysis takes several hours to complete with bio-char being the main product. Fast
pyrolysis has attracted considerable attention in recent years. Fast pyrolysis efficiency, in
addition to the residence time and operating temperature, is strongly dependent on the particle
size of the feedstock as rapid and efficient heat transfer through the particle is critical. Most
fast pyrolysis processes use a maximum particle size of 2 mm. Pyrolysis processes can be
built in relatively small scales and are well suited for lignocellulosic feedstocks. Efficient
thermal energy input to the reactor is critical since the pyrolysis process is endothermic and
heat transfer rates play a major role in the conversion process. High moisture content biomass
must be dried prior to the conversion process. Besides oil and gas, bio-char is an important
pyrolysis product. Bio-char is well-known as a soil amendment as it is highly absorbent and
increases the soil’s ability to retain water and nutrients.

Fast pyrolysis is an emerging technology and there are several key issues that need to be
addressed. The most critical problems are associated with the quality of the ‘bio-0il’, dictated
by the physical and the chemical properties. Some of these problems are discussed below.
Ideally, bio-oil should be interchangeable with petroleum crude oil so that the transportation
and refining infrastructure can be used in existing form or with minor modifications. Based
on this reasoning, the properties of bio-oil are often compared to that of petroleum crude oil.
However, bio-oil has serious physical and chemical property issues and it is difficult to use it
in existing petroleum refineries (Toor et al., 2012; Berends et al., 2004; Elliott, 2011,
Peterson et al., 2008; Dinjus & Kruse, 2004; Marrone & Hong, 2008; Antal et al., 2000).

Bio-oil is known to be extremely corrosive and this causes serious problems related to
handling and transportation. The Total Acid Number (TAN) required for crude oil refineries
is normally less than 2. Typical bio-oil TAN values range from 50 to as high as 200
(Knezevic, 2009). Bio-oil typically contains 15-30% water. Besides water, components
present in high concentrations are hydroxyacetaldehyde and acetic and formic acids. These
oxygenated compounds along with various other species such as phenolic compounds
contribute towards the acidity of the bio-oil. Typical pH of the bio-oil is in the range of 2.0 to
3.0 (Berends et al., 2004). The viscosity of bio-oils increases during storage and the physical
properties undergo considerable changes (Dinjus & Kruse, 2004). The changes in the physical
properties are attributed to the self-reaction of various compounds in the bio-oil including
polymerization reactions (Marrone & Hong, 2008; Fritz, 2009). These reactions, occurring
during storage, increase the average molecular weight of the bio-oil and also lead to other
storage related issues such as phase separation.

The resulting corrosive nature presents serious obstacles to any efforts aimed at the
transportation and centralized refining or upgrading of the bio-oils. Also, the unstable nature
of bio-oils often necessitates minimizing storage times and local upgrading, instead of
transportation to a centralized facility. Such local upgrading is done by means of hydro-
deoxygenation using hydrogen, often in the presence of catalysts. This normally adds capital
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and operating cost to the bio-oil production process. Gasification and co-gasification of bio-
crude to syngas have been tried, with reasonable success (Higman & Burgt, 2011).

Most of the fast pyrolysis projects are still in laboratory scale with the exception of a few,
including KIOR project (KiOR, Inc. - Home, n.d.) and BTG-BV in the Netherlands, which
was originally developed by University of Twente (Wagenaar, Prins, & van Swaaij, 1994).
These processes are regarded as pre-commercial, or demonstration stage technologies.

Direct Combustion

Direct combustion of biomass is the oldest energy production process in human history. It
is still by far the most widely practiced biomass conversion process. A wide range of
technology options ranging from the simple fire stove to the advanced boiler with fluidized
bed furnace using pulverized fuel are available. Precise control of mixing between the
biomass fuel and oxygen source (generally, air) is a critical aspect of advanced combustion
systems in order to achieve improved thermal efficiency and minimized criteria pollutant
emissions including particulate matter (PM), nitrogen oxides (NOx), carbon monoxide (CO)
and hydrocarbons.

For industrial and centralized domestic heat and power generation, several designs
including stoker burners, grate boilers and dense fluid-bed combustor are used ranging from a
few kilowatts to 10 MW of output. Combustion efficiency has improved remarkably in recent
decades and has reached over 90% from around 55% in 1980 (FBC). Recently, development
of combustion systems with pressurized fluidized beds have enabled direct electricity
production without requiring steam generation, since the process utilizes the fluidized bed as
combustion chamber of the gas turbine (Huang et al., 2006).

For very large scale direct combustion (larger than 300 MW), co-firing biomass with
pulverized coal has been recommended. Pulverized coal combustion technology is well
established and co-firing is an attractive option that can reduce the net greenhouse gas (GHG)
emissions from coal. However, challenges associated with co-firing with biomass such as
changes in ash properties, fouling of heat exchanger, etc. still need to be addressed (Loo &
Koppejan, 2015). Biomass torrefaction is promising process that improves the usefulness of
biomass as a fuel by heating the biomass in the absence of air under mild temperatures
(230°C to 300°C), similar to slow pyrolysis. The resulting biomass fuel is a desirable
feedstock for entrained-flow reactors or in pulverized coal fired boilers employing biomass
co-firing (Bach & Skreiberg, 2016).

Oxy-combustion is an emerging technology that uses pure oxygen in the combustor. The
advantage is that after the cooling of flue gas, nearly pure carbon dioxide is produced without
any nitrogen or nitrogen oxides. However, the use of pure oxygen (or oxygen enriched air)
results in higher capital and operating costs. This needs to be balanced against the cost/energy
savings related to carbon dioxide capture. This technology is still in the research and
demonstration stage. As more cost effective processes for oxygen production, including
membrane separation, are developed, oxy-combustion will presumably become a more
attractive option for both biomass and fossil feedstocks.
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CONCLUSION

Renewable carbon based energy sources are critical to address future energy needs,
especially in the transportation sector. Biomass is the largest and most widespread carbon
source for producing renewable energy, fuels and chemicals and can be a constant, reliable
resource compare to other renewable sources such as solar or wind energy. A wide range of
biomass conversion processes are available and are under development. Among these,
thermochemical processes offer several advantages, including product versatility, and high
conversion rates and efficiencies, although challenges to commercialization still remain.

Wet thermochemical processes including hydrothermal conversion, supercritical
gasification and steam hydrogasification are still under development, but have many attractive
aspects for use in decentralized, low cost applications, especially for high moisture content
biomass. Dry thermochemical conversion processes including direct combustion, gasification
and pyrolysis have several specific technology options that are mature. However, economic
viability issues and technical challenges related to tar formation and alkaline ash presence still
need to be addressed.

Emerging approaches such as the bio-refinery concept that integrate different conversion
technologies and generate multiple products are expected to play a key role in addressing the
technical and economic barriers of thermochemical and other conversion processes.
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ABSTRACT

In recent years, significant research interests have been placed on the conversion of
non-food biomass resources such as lignocellulosic biomass (terrestrial) and algae
(aquatic) to biofuels. However, high moisture content of fresh biomass or algae is one of
the major challenges in developing logistics and downstream processing for an
economical design of bio-refineries. Hydrothermal liquefaction (HTL) of biomass has
a number of advantages including high throughputs, high energy and separation
efficiencies, and feedstock flexibility. The production of liquid fuels from biomass can be
achieved by HTL to an intermediate product (bio-oil or biocrude) followed by catalytic
upgradation of the bio-oil/biocrude. Generally, HTL is conducted in seconds or minutes
of residence time in the temperature range of 250-350°C under subcritical water
conditions in a batch/flow-through/ continuous flow reactor. In this chapter, we review
the recent developments of HTL of lignocellulosic biomass and microalgae along with
the techno-economic analysis (TEA) and life cycle assessments (LCA).

Keywords: lignocellulose, microalgae, biocrude, life cycle assessment, techno-economic
analysis

1. INTRODUCTION

Over the last two decades, mostly corn and soy, as well as other food crops have been
used for production of first generation biofuels. Since 2006, the US Government has
encouraged the development of alternative lignocellulosic biomass crops because of the

*Corresponding author: skumar@odu.edu.
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adverse impact first generation biofuels can have on food markets. The biofuels industry has
focused on using lignocellulosic biomass mainly from agricultural/forestry waste such as corn
stover, straw, wood and other byproducts, as well as dedicated crops like switchgrass,
miscanthus, hybrid poplar, and energy tobacco to produce second-generation or advanced
biofuels (Adrianov et al., 2010). In addition to these terrestrial crops, aquatic biomass such as
microalgae has attracted much attention because it has shown great productivity compared to
terrestrial plants. Nevertheless, the main challenge with microalgae is the high water content,
with usually only 1 g of dry algal biomass recovered per liter of water (Kumar, 2012).

From a policy perspective, alternative and sustainable energy sources, especially to those
that reduce carbon dioxide emissions, are highly recommended for numerous environmental
and energy security reasons. Biofuels produced from non-edible feedstock such as
lignocellulosic biomass offer some benefits like: being renewable and sustainable, indirectly
helping carbon dioxide fixation in the atmosphere, diversification of energy output based
on geography, boosting and stimulating the local economy, bringing energy security for
countries dependent on imported oil, creating high technology jobs for engineers,
fermentation specialists, process engineers, and scientists. At a most basic level, plants and
trees are the raw material for biofuels, and because they need carbon dioxide to grow, their
conversion into biofuels does not add CO, to the atmosphere, but rather just recycles what
was already there. It is well known that the critical factors in the selection of a biofuel
feedstock for commercial use are productivity, storage logistics, scalability and a continuous
supply of biomass (Neveux et al., 2014). After a plant is harvested, it can be converted into
biocrude utilizing a thermochemical process such as hydrothermal liquefaction (HTL)
process. Biocrude also called bio-oil is a product that is obtained when the biomass (forestry
residues, crop residues, waste paper and organic waste) is treated with water at high
temperature and pressure. There are several other competing pathways such as fast pyrolysis
or gasification for converting the biomass to liquid fuel, chemicals, and/or hydrogen. Among
these, the HTL or subcritical water liquefaction process has attracted much attention due
its versatility to utilize mixed biomass feedstock sometimes without, or with a slight
pretreatment such as mild alkaline pretreatment, at a comparatively low temperature (Jazrawi
et al., 2015; Kumar & Gupta, 2009; Li et al., 2015). Biocrude can be upgraded into liquid
hydrocarbons (green gasoline or jet fuel) through catalytic upgradation using hydrogen.

With all feedstock, across the three generations of biofuels, a primary economic and
environmental challenge is conversion from natural state into sugar, oil and other biocrude
products. Each crop must be evaluated for its productivity from an agricultural perspective,
taking into account all of the inputs relative to outputs, and for its efficiency from a
conversion perspective, taking into account the economic and environmental consequences of
conversion to biocrude. The goal is economic efficiency and minimal net carbon impact.
Carbon impact is measured in a Life Cycle Analysis (LCA), which calculates the full
contribution of carbon to the atmosphere from all inputs (fertilizers, transportation, energy,
etc.) and outputs (burned biofuels), as well as the full capture of carbon from plant growth to
generate a net carbon impact determination. The LCA is an important step required by the
U.S. Environmental Protection Agency (EPA) in recognizing the advance fuel status (EPA-
420-F-10-006, 2010).

Over the last few years, with a focus on “green” and economical conversion of biomass
to biocrude, some venture companies have invested in efforts to develop new technological
flows based on HTL using biomass from dedicated fuel crops such as switchgrass, corn
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stover, tobacco, pinewood, and microalgae. For example, Tyton Biosciences, a renewable
energy company located in Virginia, USA, has made significant progress in making tobacco
into a biofuel crop, and it utilizes HTL to hydrolyze carbohydrates from tobacco because of
the low energy consumption and environmentally-benign process. A fresh-cut tobacco
biomass can contain 85-90% of water on dry basis and this excess moisture reduces the need
of extra water during hydrothermal hydrolysis for sugars recovery. Hydrothermal processes
may significantly reduce carbon impact and lower processing costs when paired with
appropriately productive feedstock.

Historically, biomass has been used to generate electricity or produce heat through direct
combustion (Tumuluru, Boardman, Wright, & Hess, 2012). However, these renewable
resources can potentially be used in a more efficient way for producing liquid transportation
fuels to partly replace petroleum derived fuels. In this paper, we have divided non-food based
biomass into two categories including (i) lignocellulosic biomass (agricultural residues, forest
residues/woody biomass, and energy crops and (ii) aquatic biomass (microalgae) and
reviewed the HTL process for these feedstocks.

2. HYDROTHERMAL LIQUEFACTION (HTL)

For biomass with high moisture content (in some cases 90%), the use of subcritical water
will minimize or eliminate in some cases the need of adding water as a reactant to the reaction
medium. Hydrothermal or sub/super-critical water (critical point: 374°C, 22.1 MPa)
technology can utilize wet biomass by using the bi-polar versatile solvent properties of water
at high temperature for converting biomass to biofuels. In this case the moisture removal it is
not required, much energy being saved, this becoming a major advantage of this hydrothermal
technology. This method provides an environmental-friendly and relatively inexpensive
medium for chemical reactions. In sub- and supercritical water processes, water is kept in
liquid phase by applying pressure greater than the vapor pressure of water. Therefore, the
incremental heat increase required for phase change of water from liquid to vapor phase (2.26
MJ/kg of water) is not needed. Normally 2.869 MJ/kg of energy is needed to convert water
from 25°C to 250°C at 0.1 MPa (steam phase) while about 1 MJ/Kkg of energy is required to
heat water from 25°C to subcritical-water condition at 250°C and 5 MPa, the amount of
energy is equivalent to 8-10% of energy content of dry biomass (Kumar, 2012).

The ionization constant of water increases with temperature in the subcritical region and
is about three times higher than that of ambient water the dielectric constant of water drops
from 80 to 20 (Kumar, Popov, Majeranowski, & Kostenyuk, 2014). Organic compounds
present in the biomass are dissolved in water at a low dielectric constant value while a high
ionization constant provides acidic conditions for the hydrolysis during subcritical water
extraction; these ionic reactions are dominant due to liquid-like properties of the subcritical
water. In the supercritical (> 374°C) region, density of water drops down to lower value this
means that ionic product of water is much lower and ionic reactions are inhibited because of
the low dielectric constant of water. The lower density favors free-radical reactions, which
may be favorable for gasification. Hence, subcritical water at temperatures between 200-
350°C and variable residence time is mainly used for the liquefaction of biomass for biocrude
or for the production of green coal/hydrochar.
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Liquefaction of biomass in hydrothermal medium proceeds through a series of complex
structural and chemical transformations involving (i) solvolysis of biomass resulting in
micellar like structure, (ii) depolymerization of cellulose, hemicelluloses, proteins, and lignin,
and (iii) chemical and thermal decomposition and re-condensation of intermediate products
(Kumar & Gupta, 2009). The products from HTL mainly consist of biocrude, aqueous phase
(dissolved organics), light gases, and insoluble residual solids. Biocrude is a complex mixture
of ketones, aldehydes, phenols, alkenes, fatty acids, esters, aromatics, and nitrogen containing
heterocyclic compounds. Acetic acid among other organic acids is one of the main
components of the aqueous-phase.

Biocrude derived from the HTL of biomass can be converted to liquid fuel, hydrogen gas,
or chemicals. In HTL studies, typically 15-25 wt% biomass slurry in water is treated at
temperatures of 300-350°C, catalysts, and 12-18 MPa pressures for 5-30 min to yield a
mixture of liquid, gas (mainly CO2), and water. The liquid is a mixture with a wide molecular
weight distribution and consists of various kinds of molecules. A large proportion of the
oxygen is removed as carbon dioxide and the resulting biocrude contains only 10-13%
oxygen, as compared to 40% in the dried biomass (Gourdiaan & Peferoen, 1990). In a
conceptual process scheme, it was shown that each ton (dry basis) of biomass could produce
300 kg (or 95 gallons) of liquid fuel (Gourdiaan & Peferoen, 1990). The overall schematics of
lignocellulosic biomass to liquid fuels via HTL are shown in Figure 1.

The U.S. Department of Energy (DOE) has considered subcritical water/hydrothermal
process as a viable technology, which can process wet biomass for biofuels. In fact, Elliott et
al., at Pacific Northwest National Laboratory (PNNL), National Advanced Biofuels
Consortium (NABC), and National Alliance for Advanced Biofuels and Bioproducts
(NAABB) team has been leading the HTL scale up efforts (Elliott et al., 2013; Elliott et al.,
2014; Zhu, Biddy, Jones, Elliott, & Schmidt, 2014). Recently, the group published the pilot-
scale studies on hydrothermal processing of microalgae and woody biomass in continuous-
flow reactors, which successfully demonstrated the technical feasibility, and scalability of the
HTL-based processes (Elliott et al., 2013; Elliott et al., 2014; Zhu et al., 2014).
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Figure 1. The simplified diagram of biomass to liquid hydrocarbons via HTL.

Use of homogeneous catalyst: The addition of alkali metal salts (e.g., KHCO3, KOH,
Na;COs, K>CO3) during HTL reduces coke formation and catalyzes the water-gas shift
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reaction (Hao, Gio, , Mao, Zhang, & Chen, 2003). For example, the addition of KHCOs3 leads
to an increase in gas formation and a decrease in the amount of carbon monoxide (Sinag,
Kruse & Schwarzkopf, 2003). The use of KyCOs in the reaction mixture during
depolymerization of cellulose in subcritical water substantially enhanced gas formation
(Kumar & Gupta, 2008). Ramsurn and Gupta proposed a novel two-step process in which
acidic subcritical water (200°C) followed by alkaline supercritical water (380°C) media used
to optimize biocrude yield and minimize hydrochar (solid residue) production for switchgrass
(Ramsurn & Gupta, 2012). The yield of biocrude was 40 wt% on mass basis and 67% on
energy basis of the feedstock biomass. In another similar study by the same group, calcium
formate (Ca (HCOO),) was used as an in-situ source of hydrogen to enhance deoxygenation
and the quality of the biocrude. The study concluded that by simply using an inexpensive
hydrogen donor such as calcium formate, a good quality biocrude could be produced due to
the hydrodeoxygenation of the depolymerized biomass components (Ramsurn & Gupta,
2013).

Use of heterogeneous catalyst: In bio-renewables industry, development of
heterogeneous catalysts that could tolerate hydrothermal degradation is very important (Liu et
al., 2013). Carbon materials are recalcitrant to hydrothermal conditions but for solid acid
sulfonated carbon materials, the current reports did not fully clarify the stability of the
sulfonic-acid groups on the aromatic rings, in this respect model compounds containing
sulfonic acid groups linked to aromatic, alkene or cycloalkane carbon atoms were exposed to
hydrothermal conditions. There are several reports that underline the advantages of a
heterogeneous catalyst when various supports were used such as: alumina (Morejkar &
Fernandes, 2010), silica (Murkute, Jackson & Miller, 2011), zeolites (Hyun, Song, & Kwak,
1999; Roh, Won, Woo, & Venkataraman, 2004; Zheng et al., 2009), resins (Kapura & Gates,
1973; Turbak, 1963), carbon based polymer (Shaabani, Rahmati, & Badri, 2008), and carbon
amorphous or highly structured (Tan et al., 2011; Zhao, Wang, Zhao, & Shen, 2010).
Unfortunately, the silica, alumina, zeolites and resins collapse under subcritical conditions
(Budarin et al., 2007; Petrus, Stamhuis & Joosten, 1981). Therefore only the stable carbon
remains as a support for a potential catalyst in subcritical water process, satisfying two green
chemistry directives: using safer solvents (water vs. organic solvents) and utilizing renewable
feedstock. As a particular case, Duan and Savage used six different heterogeneous catalysts
(Pd/C, Pt/C, Ru/C, Ni/SiO2-Al,03s. CoMoly-Al,O3 (sulfide and zeolite) under inert He and
high-pressure reducing (hydrogen) conditions. The results indicate that in the absence of
added H: all the tested catalysts produced higher yields of bio-oil from the liquefaction of
Nannochloropsis sp. (Duan & Savage, 2010).

3. PRODUCT SEPARATION AFTER HTL

For the efficient liquefaction process, most of the carbon and hydrogen in the present
biomass should appear in biocrude/bio-oil for the maximizing carbon efficiency (Kumar,
2010; Kumar, 2012; Kumar, 2013). Therefore, product separation is one of the most
important aspects of HTL. In standard laboratory practices, an organic solvent such as
dichloromethane, chloroform, hexane, and cyclohexane is used to separate biocrude/bio-oil
from the product mixture by liquid-liquid extraction step. Subsequently, organic solvent is
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evaporated to recover biocrude. Figure 2 shows the general schematics of product separation
methods used after HTL in a laboratory scale study. The solid and liquid products were rinsed
with DI water separated by vacuum filtration. The solid products are dried and quantified, and
the liquid products are immediately analyzed for total organic carbon (TOC). The sum of
light bio-oil (LBO) and heavy bio-oil (HBO) is labeled as total bio-oil/biocrude. The
remaining solids are oven-dried, quantified, and labeled as hydrochar.

A typical gas phase composition from HTL is CO; (66.2%), CHa (1.9%), and H2 (29.7%)
along with nitrogen and traces of C, and Cz gases (Brown, Duan & Savage, 2010). Generally
CO; consists of more than 85% of gas phase when reaction is conducted at lower temperature
(<£300°C) which goes down with temperature and hydrogen becomes a significant component
of the gas phase at higher temperature (>350°C).

Organic solvent

(diethyl ether) ST ™,
¢ Analytical procedure !
catalyst —» | Adqueos phase ‘5 >LBO
l water ‘l' pH. TOC, GC-MS
l Hydrochar
Biomass —» [ Reactor ]9[ Separation J_), GC analysis
Soluble products
T HHV, FTIR, GC/MS
5 Solid phase ~» HBO
T ICP. SEM. FTIR, HHV,
) - moisture analysis
Organic solvent S

(acetone, methanol, etc.)

Figure 2. A representative product separation scheme after HTL (Popov, Kumar, & Balan, 2012).

4. HTL OF TERRESTRIAL BIOMASS

Lignocellulosic biomass is mainly composed of carbohydrates including cellulose (35-50
wt%) and hemicelluloses (20-35 wt%) and non-carbohydrate/aromatic portion lignin (15-20
wt%). The carbohydrates fraction contains different sugar monomers (Cs and Cs carbon
sugars) that are tightly bound to lignin. It is well known that these three major chemical
components of lignocellulosic biomass behave differently under hydrothermal conditions
(Peterson et al., 2008).

Hydrothermal upgrading of lignocellulosic biomass was first developed by Shell, where
biomass was subjected to subcritical water at 330°C to produce biocrude (Gourdiaan &
Peferoen, 1990). Biocrude was further upgraded to liquid fuels via hydrodeoxygenation
process. In one of the prior studies, switchgrass was effectively liquefied to produce biocrude
in subcritical water in a flow through reactor. Biocrude composed of aqueous phase (water-
soluble compound) and solid precipitates (Kumar & Gupta, 2009). The aqueous phase
contained oligomers and monomers of five and six carbon sugars, degradation products (5-
HMF and furfural), organic acids (lactic, formic and acetic acid), 2-furancarboxaldehyde and
other phenolic products containing 5 to 9 carbon atoms. More than 50 wt% of carbon present
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in switchgrass could be converted to biocrude in the presence of K.CO3. Most of the studies
related to HTL of lignocellulosic biomass employed alkali catalysts to increase biocrude
yields and suppress hydrochar formation (Minowa, Fang, Ogi, & Varhegyi, 1998; Karagoz,
Bhaskar, Muto, Sakata, & Uddin, 2004). It has been reported that all the biopolymeric
components (carbohydrates, lipids, and proteins) contribute the biocurude production during
HTL process (Elliott et al., 2013; Liu et al., 2013).

In general, woody and herbaceous biomass has similar thermochemical properties but
extractives (e.g., chlorophyll, waxes, terpenes, and aliphatic acids) are higher in herbaceous
biomass. The supply chain of herbaceous biomass also faces several other challenges
including lower energy density, seasonal variations, and more susceptibility to biodegradation
in comparison to woody biomass. This may affect the properties and composition of biocrude
and also the hydrogen efficiency during upgradation stage (Kenney et al., 2013). In some
areas, switching between woody and herbaceous feedstocks, or blending of the two or with
others, may be necessary to keep large-scale operation near constant year round.

Karagoz et al., investigated the distribution of HTL (280°C for 15 min) products when
wood (sawdust) and non-wood biomass (rice husk), and model components (lignin, cellulose)
were used as the feedstock (Karagoz, Bhaskar, Muto, & Sakata, 2005). Sawdust and rice husk
had almost similar conversions. Liquid products were recovered with various solvents (ether,
acetone, and ethyl acetate) and analyzed by GC-MS. The composition of oils (ether extract)
from sawdust and rice husk contained both phenolic compounds and furans, however
phenolic compounds were dominant. Rice husk derived oil consists of more benzenediols
than sawdust derived oil. The volatility distribution of oxygenated hydrocarbons showed that
the majority of oxygenated hydrocarbons from sawdust, rice husk and lignin were distributed
at n-Ci1, whereas they were distributed at n-Cg and n-Cyo in cellulose-derived oil (Karagoz et
al., 2005; Karagoz, Bhaskar, Muto, & Sakata, 2006).

5.HTL oF AQUATIC BIOMASS

Microalgae primarily comprise of varying proportion of proteins (30-70 wt%),
carbohydrates (15-50 wt%), lipids (15-60 wt%) and ash (up to 15 wt%) and the percentage
fluctuate depending upon species (Becker, 2007; Kumar, 2012), in some cases could reach
26% (Elliott, Biller, Ross, Scmidt, & Jones, 2015). Microalgae consume the atmospheric CO>
and also remove nitrogen and phosphorus from water. The microalgae production system can
be integrated into an industrial ecology framework where the culture of microalgae in
wastewater provides bioremediation, mineral processing and aquaculture (Neveux et al.,
2014). A general scheme of liquid fuels production from microalgae using HTL is shown in
Figure 3.

Wet algae slurry was successfully converted into an upgradeable biocrude with high
levels of carbon conversion to gravity separable biocrude product at 350°C and 20 MPa in a
continuous-flow reactor under subcritical water environment. The group reported high
conversions even with high slurry concentrations of up to 35 wt% of dry solids (Elliott et al.,
2013; Elliott et al., 2014). Though the hydrothermal technology is being rapidly adopted for
industrial scale applications, the expanded process development is still needed to take it to a
scale for wide-scale industrial applications. In some studies, heterogeneous catalysts (noble
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and bimetallic catalysts on different supports) were used for direct liquefaction of algal
biomass in hydrothermal media (Duan & Savage, 2010). However, they seem to be more
efficient for upgradation/hydrodeoxygenation of resulting bio-oils (Furimsky, 2000).
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Figure 3. A general diagram of HTL of microalgae for biofuels production.

Biller and Ross compared the biocrude production from three different microalgae strains
and a cyanobacteria conducting hydrothermal liquefaction at 350°C and 20 MPa (Biller &
Ross, 2011). The yields of biocrude were 5-25 wt% higher than the lipid content of the algae
depending upon biochemical composition. The yields of biocrude followed the trend lipids >
proteins > carbohydrates. The study showed that each biochemical component (lipid,
carbohydrate, and protein) of feedstock contributes to the bio-oil production which is a
distinct advantage of HTL process. The HTL for algal biomass offers numerous advantages
over pyrolysis through the use of wet biomass thus avoiding energy losses associated with
drying, and also through enhanced reaction rates and an efficient separation of products
(Peterson et al., 2008). Faeth et al., showed that high yields of energy-dense biocrudes can be
obtained by rapidly heating algae slurries in minutes, using HTL process (Faeth, Valdez, &
Savage, 2013).

6. TECHNO-ECONOMICAL ANALYSIS (TEA) AND LCAOFHTL

Transportation fuels based on algae or terrestrial biomass are being developed as an
important step in achieving energy independence, reduction of fossil fuel use and greenhouse
gas (GHG) emissions reduction. In order to accomplish these, the final product (biofuel) must
be produced at a satisfactory price with no high engineering risk and on the other hand with
consume of land, water and nutrients reliable with existing resources (Davis et al., 2014). The
HTL shows a particular commercial interest because effortlessly integrates with the existing
petroleum-refining infrastructure, once the biomass is liquefied, the bio-crude can be
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separated and subsequently blended with petroleum crude to produce drop-in fuels in
conventional refineries (Liu et al., 2013). Liu et al. showed that at the pilot-scale cultivation
of algae would produce lower GHG emission than petroleum and bioethanol standard
processes (Liu et al., 2013).

The TEA is an engineering costing analysis method that could determinate the process
feasibility, evaluate and quantify the economic implications and the selling price of product,
on the other hand LCA is used widely to estimate the environmental implications, basically
evaluates the process energy consumption and GHG emissions (Figure 4), in other words,
LCA methods consider all energy and emissions accumulated during production and use
of a biofuel. Costs can be obtained through TEA and GHG emissions through LCA, a
methodology that sums direct process emissions with those from upstream supporting
technological operations.

Substantial amount of work has been done recently, concerning the environmental
implications of a large-scale algae growing design for producing biofuels, using LCA
approach (Davis et al., 2014). Liu et al. described a structured modeling based on three
scenarios: lab-scale, pilot-scale, and full-scale, designed to highlighting the evolution of
algae-to-energy industry (Liu et al., 2013)._The major parameters, energy and materials input
corresponding to the mentioned scenarios are detailed in the Tables 1 and 2.

Life Greenhouse
Cycle C_;as_
Analysis Emission

Renewable Techno
biofuels Economic
Analysis

Resource
Analysis

Figure 4. The biofuel pathways combine resource assessment, techno-economic analysis, and
environmental analysis integrated.

Table 1. Summary of major input parameters for algae cultivation at three scenarios —
adapted from (Liu et al., 2013)

Major input parameters of the model Lab Pilot Full-scale
value (range) value (range) value (range)
Growth rate (g/m’/d)** 25 (15-35) 12 (12-24) 16 (12-25)
Carbon in algae biomass (%) 51 (48-53) 47 (41-50) 52
Nitrogen in algae biomass (%) 7(3-9) & (7-9) 9
Phosphorus in algae biomass (%) 1(0.9-1.3) 1.0 (0.9-1.3) 1.3
Biocrude yield (%) 60 (26-65) 20 (5-20) 50 (40-65)
Carbon in biocrude (%) 73 (68.1-75.4) 75 (65-77) 78.3 (65-79)
Nitrogen in biocrude (%) 5.7(4-8.1) 4 (3-10) 42 (3-10)
CO, recycle from CH, combustion No No Yes
Nutrients recycle efficency (%) 90 (0-95) 125 75 (70-90)
Solvent Toluene Hexane Toluene
Biogass production (%) 8 (2-35) 3 3(1-6)

*ash-free dry weight
" a growth rate range 15-35 g/m2/dwas used
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Table 2. Major energy and material inputs at lab, pilot, and full-scale design in
producing algae biofuels via HTL — adapted from
(Liu et al., 2013)

Major energy and material inputs process phase Lab Pilot Full-scale
Electricity use for cultivation (MI/bbl) cultivation 1164 5291 171.6
CO; supply (kg/bbl) CO, 450.7 4645 4725
Nitrogen fertilizer input (kgN/bbl) N 8.8 48.7 10.8
Phosphorus fertilizer input (kgP-Os/bbl) P 0.1 0.4 0.21
Electricity use for harvest & dewatering (MI/bbl) (daf) 146.5 4595 123.7
Natural gas use for HTL (MI/bbl) HTL 1029 3594 147.6

Electricity use for biocrude extraction (MJ/bbl) extraction 18.8 18.8 18.8
Heat use for solvent recovery (MI/bbl) extraction 03 0.3 0.3
(daf)-dissolved air floatation

Recently, Davis et al., investigated the possibility of producing 5 billion gallons yr!
(BGY) of renewable diesel from Chlorella by HTL (Davis et al., 2014). The process was
scaled-up based on previous results and on the data from a continuous one-liter reactor as
well as on geographically and climatically distributed sites required to produce 5 BGY. The
production of 5 BGY of renewable diesel required 1671 sites of 485 ha each. The TEA
showed that a plant could produce 4-million gallons per year (annualized scenario) of naphtha
and 27 million gallons per year of diesel, however, the productivity seems to vary 10-fold
between seasons at some sites (Davis et al., 2014). The LCA model studied GHG emissions
in detail for every representative site (geographical) and season for 30 years using a computer
simulation program was recently described by Davis et al. The results showed that during
winter three of the five sites exceeded the emissions for petroleum diesel (95 g CO.e MJY) in
addition none of the sites reached a 2-fold emission reduction. According with these results
the LCA imply 3-season operation following the shutdown operation during winter to reduce
the GHG emissions but this is contrary to TEA that indicates 90% stream factor for each
operating season including winter. However, the algae-to-energy modeling is at an early
stage, there is lack of process data and on the other hand the pathway is a complex industrial
pathway regarding the algae production, processing, regional upgrading facilities, refineries,
and fuel blending (Davis et al., 2014).

Typically liquefaction processes of woody biomass could be done by fast pyrolysis and
by HTL. One of the major difference between these two processes is that the oxygen content
in the HTL bio-oil is 10-20 wt% considerably lower than that measured in the pyrolysis bio-
oil which is about 40 wt%, in addition, the heating value of HTL bio-oil is about 35 MJ/kg
which is twice higher than that of pyrolysis bio-oil 16-19 MJ/kg (Zhu et al., 2014). Zhu et al.,
implemented TEA to make an evaluation regarding the feasibility of developing a large-scale
(2000 dry metric ton/day) woody biomass HTL and upgrading plant to produce liquid fuel
(Zhu et al., 2014). Two cases were evaluated: a State-of-Technology case with HTL
experimental testing and the Goal case, where the assumption of reducing the organic matter
loss in the water phase, may lead to a significant reduction of the production cost. It is
assumed that the Goal case displays (Zhu et al., 2014), (as in Table 3), an nth-of-a-kind
(NOAK) plant design and the major improvements include: lower pressure in HTL process,
less organics loss in the water phase, hydrocracking for heavy oils treatment and using a
single reactor hydrotreating process. As it is shown in the Table 3, the operating pressure for
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the HTL in the Goal case is lower than that of the State-of-Technology case with the same
biomass conversion efficiency, actually this assumption is based on the recently HTL
operating pressure range reported in the literature, that suggests a cost reduction due to lower
pressure requirement for the equipment including pumps, heat exchangers and for the HTL
reactor. The bio-oil yield in the Goal case it is higher than in the State-of-Technology case,
this assumption is based on the improvements that could be achieved in the oil/water phase
separation for an NOAK plant. Additionally, lower organic loss in the water phase improves
the off gas generated by the HTL wastewater treatment.

Table 3. The major process inputs and assumptions in the State-of-Technology and Goal
cases —adapted from (Zhu et al., 2014)

Cases State of Technology Goal
Biomass rate, metric ton/day, dry basis 2000 2000
Dry biomass wt% in biomass-water slurry 15 15
HTL
Temperature (°C) 355 336
Pressure (Mpa) 203 16.6
Biomass conversion (%) 99.9 99.9
Liquid hourly space velocity (h™) 4 4
Yields, (kg/100kg dry wood)
Bio-oil 294 40.5
Gas 17.8 17.8
Water (with dissoved organics) 49.7 38.6
Solid wastes 3 3
Gas composition (wt%)
CO» 88.3 88.3
H» 0.9 0.9
CH, 1.8 1.8
other hydrocarbons 9 9
‘Water composition (wt%)
H20 67.2 72.9
Dissolved organics 328 27.1
Hydrotreating Two-stage Single-stage

fixed bed fixed bed
Temperature (°C) inlet 165 165
Pressure (Mpa) inlet 13.5 13.5
Liquid hourly space velocity (b™) 0.54 (stage 1) 0.18
0.18 (stage 2)

H, consumption (gH,/g dry bio-oil) 0.033 0.033
Product distribution (wt%o)
Deoxygenated oil 81.7 79
Water 15.7 18.5
Gas 2.5 25

Deoxygenated oil distillation
streams (wt%o)

Light hydrocarbons (Cs) 0.8 0.8
Gasoline (Cs-Cyp) 413 413
Diesel (C - 400°C boiling point) 39.6 39.6
Heavy o1l (boiling point =400°C) 18.4 18.4
Hydrocraking

Temperature (°C) inlet n/a 376
Pressure (Mpa) inlet n/a 10.5
Liquid hourly space velocity (h™) n/a 1
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Table 4. The results and performance for the biomass HTL and upgrading system —
adapted from (Zhu et al., 2014)

Case State of Technology Goal
Raw materials
Biomass feedstock flowrate ton/day, dry 2000 2000
Natural gas flowrate (kg/h) 165 1420
Overall process yields
Hydrocarbon (final product)production ( L/h) 18.560 30.24
Hydrocarbon production rate (million GGE/yr) 429 69.9
Hydrocarbon yields, dry feedstock (L/kg) 022 0.36
Heavy oil (by-product) production rate (L/h) 3358 0
Heavy oil yield, dry feedstock (L/kg) 0.04 0
Hydrogen consumption
Hydrogen feed to hydrotreater (kg/kg bio-oil) 0.041 0.038
Hydrogen feed to hydrotreater (kg/kg bio-oil) 0 0.006
Water usage
Cooling water makeup (L/L product) 9.44 3.96
Boiler feed water makeup (L/L product) 0.96 0.66
Total water usage (L/L product) 104 4.62
FElectricity usage
Electricity consumption (MWe) 294 26.8
Electricity generation (MWe) 16.2 11
Net electricity requirement (kWh/L product) 0.71 0.52
Carbon efficency
Overall carbon efficiency (%)C* 437 56.4
Hydrocarbon % C based on biomass only 351 57.8
Hydrocarbon % C based on biomass + natural gas 35 56.4
Energy efficiency
Energy input
Biomass feedstock (GJ/h) HHV basis 1627 1627
Natural gas (GI/h) HHV basis 9.2 79.4
Energy output
Hydrocarbon (GJ/h) HHV basis 714 1163
Heavy oil (GJ/h) HHV basis 162.3 0
Energy efficiency for hydrocarbon only® % HHYV basis 42.4 65.9
Overall energy efficiency® % HHV basis 52 65.9

* the overall carbon efficiency is calculated as the total carbon moles in final liquid fuel and
by-product heavy oil divided by the total carbon input in the biomass feedstock and natural gas
® energy efficiency is calculated as the total energy output divided by total energy inputs. The
total energy inputs include energy in bimass, natural gas and required electricity

¢ Overall energy efficiency is for all fuel products including both final liquid fuel product and
by-product heavy oil.

Table 4 shows the major performance results in the State-of-Technology and Goal cases
for the biomass HTL processed and upgrading system. In the both cases, the same amount of
biomass, as a feed flow rate, is assumed, the natural gas consumption in the Goal case is
higher because is assumed to produce more bio-oil and has a hydrocracker that require more
hydrogen consumption.

Zhu et al., concluded that in the Goal case the hydrocarbon production could be with 63%
higher than in the State-of-technology case because fewer organics are expected to be lost in
the water phase this significantly increase the bio-oil production (Zhu et al., 2014). The heavy
oil is treated as a by-product in the case of State-of-Technology case while in the case of Goal
case hydrocracking process turns the heavy oil into additional biofuel products. Finally the
efficiency is 14% higher in the case of Goal case, which is mainly due to the substantial
improvement of organic matter loss management that translates into higher product yield.
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7. ENGINEERING CHALLENGES OF HTL

Though excellent results have been achieved during laboratory experiments; there
are certain engineering issues with the scale of the technology, which need to be addressed.
These challenges include feeding of biomass slurry, corrosive medium, and possibility of
deactivation of heterogeneous catalysts. There are several existing examples of lab- to
pilot/demo-scale unit or product demonstration units (PDU) based on HTL technology. One
of the challenges in scaling up HTL technology is use of a high pressure biomass slurry
pump. The NABC led by PNNL has published a report (prepared for the) in 2012 on review
and assessment of commercial vendors/options for feeding and pumping biomass slurries for
subcritical water reactions in continuous reactor (Berglin, Enderlin, & Schmidt, 2012). PNNL
and NABC team has been leading the efforts of scale up of hydrothermal/subcritical water
based processing of biomass for biofuels. The recent pilot-scale studies on algae (NAABB) or
woody biomass (NABC) feedstock in continuous-flow reactors and the related TEA and LCA
successfully demonstrated the scale up feasibility of HTL process.

CONCLUSION

Hydrothermal liquefaction of biomass for biofuels production has been in the forefront
among the other competing technologies. HTL has been successfully applied for producing
biocrude from terrestrial biomass as well as aquatic biomass at laboratory, demonstrations,
and in some cases at commercial scales. In the case of aquatic biomass, pumping biomass at a
high pressure to achieve the HTL process conditions seem less challenging when compared to
terrestrial/fibrous biomass. Homogeneous and heterogeneous catalysts are used to increase
the degree of biomass liquefaction.

The results of LCA and TEA studies focusing on HTL as intermediate process in the
overall conversion of biomass to biofuels, has shown some encouraging results. In one of the
examples, the TEA showed that a plant could produce 4-million gallons per year of naphtha
and 27 million gallons per year of renewable diesel from Chlorella. The DOE has led the
HTL-based technology development for processing biomass for more than two decades. The
continuous-flow reactors for HTL have been operated at pilot-scales and it has immensely
helped in demonstrating the scale up feasibility of HTL process.
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