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Executive Summary

This report evaluates lignin’s role as a renewable raw material resource.

Opportunities that arise from utilizing lignin fit into three categories:
e power, fuel and syngas (generally near-term opportunities)
¢ macromolecules (generally medium-term opportunities)
e aromatics and miscellaneous monomers (long-term opportunities)

Biorefineries will receive and process massive amounts of lignin. For this
reason, how lignin can be best used to support the economic health of the
biorefinery must be defined. An approach that only considers process heat
would be shortsighted. Higher value products present economic opportunities
and the potential to significantly increase the amount of liquid transportation
fuel available from biomass.

In this analysis a list of potential uses of lignin was compiled and sorted into
“product types” which are broad classifications (listed above as power—fuel—
syngas; macromolecules; and aromatics).

In the first “product type” (power—fuel—gasification) lignin is used purely as
a carbon source and aggressive means are employed to break down its
polymeric structure. In the second “product type” (macromolecules) the
opposite extreme is considered and advantage of the macromolecular
structure imparted by nature is retained in high-molecular weight
applications. The third “product type” (aromatics) lies somewhere between
the two extremes and employs technologies that would break up lignin’s
macromolecular structure but maintain the aromatic nature of the building
block molecules.

The individual opportunities were evaluated based on their technical
difficulty, market, market risk, building block utility, and whether a pure
material or a mixture would be produced. Unlike Volume 1 of this report, “Top
Value Added Chemicals from Biomass, Volume I: Results of Screening for
Potential Candidate from Sugars and Synthesis Gas” (commonly called the
Sugars Top 10 Report), it was difficult to identify the ten best opportunities,
however, the potential opportunities fell nicely into near-, medium- and long-
term opportunities. Furthermore, the near-, medium- and long-term
opportunities roughly align with the three “product types.” From this analysis
a list of technical barriers was developed which can be used to identify
research needs.

Lignin presents many challenges for use in the biorefinery. Chemically it
differs from sugars by having a complex aromatic substructure. Unlike
cellulose, which has a relatively simple substructure of glucose subunits,
lignin has a high degree of variability in its structure which differs according



to the biomass source and the recovery process used. In addition to its
structural variability lignin is also reactive and to some degree less stable
thermally and oxidatively compared with other biomass streams. What this
means is that integrating a lignin process stream within the biorefinery will
require identifying the best method to cost-effectively separate lignin from
biomass.

Moving forward we offer seven points of consideration:

(1) Lignin offers impact. Since lignin constitutes up to 30% of the weight and
40% of the fuel value of biomass it can be used to increase fuel production.
It offers higher revenues to biorefineries through production of products
rather than power. However, the technology needs to be developed to realize
lignin’s potential.

(2) There is a balanced R&D portfolio of near- medium- and long-term
opportunities, each with their own technical challenges.

(3) Some technology is available for lignin use now. Thermochemical
processes can be used with many lignin streams in the near to medium term.
Also some of the macromolecular opportunities, identified as medium-term,
exist today.

(4) The most effective use of DOE funds will be in broadly applicable
technology development. Medium- and long-term opportunities will require
transcending some significant barriers.

(5) Development of selective and robust catalytic processes to selectively
break and make bonds will be an important area of technology development.

(6) In addition, other technical support is also required and at least as
important. This includes lignin conditioning, structure analysis and
separations technology.

(7) Perhaps the most important point is this: technoeconomic analysis is
required to determine the value proposition of lignin utilization beyond power
and should be a driving force to guide research efforts in this day of limited
budgets. This will allow us to uncover opportunities in the shortest time.



1 Background

America is fortunate to possess abundant and diverse agricultural and forest
resources, unused cropland and favorable climates. Together with a
remarkable talent to develop new technologies, we have a tremendous
opportunity to use domestic, sustainable resources from plants and plant-
derived resources to augment our domestic energy supply.

The Biomass Program, in the Energy Efficiency and Renewable Energy Office
of the U.S. Department of Energy (DOE) directly supports the goals of The
President’s National Energy Policy, the Biomass R&D Act of 2000 and the
Farm Security, Rural Investment Act of 2002 and the Energy Policy Act of
2005. To accomplish these goals, the Biomass Program supports the
integrated biorefinery, a processing facility that extracts carbohydrates, oils,
lignin, and other materials from biomass and converts them into multiple
products including fuels and high-value chemicals and materials. Wet and dry
corn mills and pulp and paper mills are examples of biorefinery facilities that
already produce some combination of food, feed, power and industrial and
consumer products.

This report, the second of several envisioned to examine value-added
products from all biomass components,* identifies possible lignin-derived
materials and chemicals that could serve as an economic driver for a
biorefinery. In addition, technical areas are identified that would need to be
developed to make uses of lignin feasible.

Integrating the production of higher-value chemical/material co-products into
the biorefinery’s fuel and power output will improve the overall profitability
and productivity of all energy-related products. Increased profitability makes
it more attractive for new biobased companies to contribute to our domestic
fuel and power supply by investing in new biorefineries. Increased
productivity and efficiency can also be achieved through operations that
lower the overall energy intensity of the biorefinery’s unit operations; reduce
overall carbon dioxide emissions; maximize the use of all feedstock
components, byproducts and waste streams; and use economies of scale,
common processing operations, materials, and equipment to drive down
production costs.

L Volume 1 of this series examined candidates from sugars and synthesis gas, see
“Top Value Added Chemicals from Biomass, Volume I: Results of Screening for
Potential Candidate from Sugars and Synthesis Gas.” T. Werpy and G. Peterson,
Eds., August 2004. http://www.nrel.gov/docs/fy04o0sti/35523.pdf



2 Objective

The objective of this report is to evaluate lignin’s role as a renewable raw
material resource, whether it be generation of power or production of fuels
and chemicals. From the evaluation an outcome of this report is the
suggestion of research needs for DOE.

Lignocellulosic-based biorefineries are integral to a sound domestic policy for
a safe and secure energy future. At the highest level, biorefineries input
biomass as carbon sources and can generate fuel, power and products as
output (Figure 1).

N &
| W’\f quwd Fuels
v
2 Power

Carbon
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I Products
|

Figure 1 - Biorefinery Concept

In this construct, biomass is separated into its component parts: sugars (as
cellulose, hemicellulose or starch), lignin, protein and oils. In various current
biorefinery concepts, the sugar or oil fractions are used to produce liquid
transport fuel or products while lignin is most often relegated to low-value
uses of combustion. In fact, in the currently operating biorefineries lignin is
either burned to produce process heat and recover pulping chemicals in
paper mills or sold as a natural component of animal feeds in wet or dry corn
mills.

Biorefineries will receive and process massive amounts of lignin. For this
reason, how lignin can be best used to support the economic health of the
biorefinery must be defined. This report identifies applications and uses for
lignin starting with process heat and proceeding to chemicals and materials.
Because the report considers where DOE research might play a role, products
that have exceptionally high value but very low volume, such as in the



pharma sector, fall outside the scope of this report. Additionally, products in
the food sector, such as the use of purified lignin as a food additive
(neutraceutical), are not considered.

Applications and uses of lignin are categorized into, near-term, medium-
term, and long-term opportunities and attempt to identify research areas
where DOE support will have the greatest impact.

Where information is available, the report attempts to clarify the current
economics of products from lignin and lignin-rich resources using chemical,
biochemical or thermochemical processes. The report identifies which product
classes are currently more favorable and which might have the most impact
on petroleum displacement and the economic viability of biorefineries.
However, the key to the report is identification of R&D breakthroughs (near-,
medium-, and long-term) needed to make the biorefinery more economically
attractive through better use of lignin.

Investigating and understanding the structure, types, sources, and
production methods for lignin, as well as its past and current applications,
will help identify specific opportunities that meet DOE’s overall goals of
energy independence and petroleum displacement. A compendia of such
information is provided in the appendices of this report.

There appears to be an entrenched myth in industry that “you can make
anything you want out of lignin... except money.” We hope to help identify
the technical barriers that need to be overcome to make lignin usage
economically viable and thereby dispel this myth.



3 Overall Approach

The steps in the overall consideration for the analysis of lignin are depicted in
the flow diagram below (Figure 2).

1. Catalog potential materials and
chemical products from lignin
2. Sort by product
type

Three
product

types

Top opportunities
diagram

3. Visualization of opportunities
based on Product type

4. Consider
opportunity

Barrier areas
identified for
R & D needs

5. Evaluation of technical barriers

Figure 2 - Visual Representation of the Selection Strategy

Initially, a list of potential uses of lignin was assembled and compiled from
various resources. Lignin-based opportunities could readily be divided into
three categories: 1) power, green fuels, and syngas; 2) macromolecules; and
3) aromatics and other chemicals. The first category represents the use of
lignin purely as a carbon source using aggressive means to break down its
polymeric structure. The second category is the opposite extreme and seeks
to take advantage of the macromolecular structure imparted by nature in
high-molecular weight applications. Somewhere between the two extremes
come technologies that would break up lignin’s macromolecular structure but
maintain the aromatic nature of the building block molecules, the third
category. This is intriguing because lignin represents a potential starting
source for the roughly 45 billion-pound domestic, non fuel, aromatic supply
chain.



Once categorized, opportunities for the products in each category were
considered. In the first category we included green fuels. These are described
as liquid fuels that look like the fuels used today but are derived from
biomass rather than petroleum. These differ from bio-derived ethanol and
biodiesel in that green fuels need not be based on single alcohol or fatty acid
methyl esters (biodiesel). The other categories are aimed at producing
materials or chemicals rather than power or fuel, although the line can
become somewhat blurred.

The opportunity for each category was then considered. Our evaluation
included economics, the state of the current technology, and how the
products would fit into the current and future infrastructure of the biorefinery
and the chemical or fuel markets. Out of this consideration near-, medium
and long-term opportunities were identified. The concept of near-, medium-
and long-term opportunities corresponds with probabilities for lignin’s value
use in the biorefinery. “Near-term” is defined as current uses and those that
seem possible within three to ten years. Some technology development will
be required but much can be borrowed from currently available processes;
for example, pyrolysis and syngas. “Medium-term” means five to perhaps 20
years out and requires significant technology development and some new
fundamental knowledge; for example. use of lignin in high-molecular weight
applications. “Long-term” means beyond ten years and requires significant
new fundamental knowledge and significant new technology development;
for example, direct catalytic conversion of lignin to gasoline type fuels or
aromatic chemicals.



4 Lignin and Its Impact on the Biorefinery

Lignin

Since many in the chemical industry are not familiar with lignin we offer a
brief definition here. Lignin, from Latin meaning wood, is a natural
amorphous polymer. It acts as the essential glue that gives plants their
structural integrity. Of the three major natural polymers that make up
ordinary plants—cellulose, lignin and hemicellulose—lignin is the second most
abundant and the only biomass constituent based on aromatic units. There
are several lignin reviews and monographs that cover various aspects of
lignin structure.?34°

The structure of lignin is complex and changes according to biomass source
and isolation technique and thus chemical modification to a selective product
is going to be difficult. However, modification to a certain family of products
is more likely. An overview of lignin structure is given in Appendix 2.
Exemplary structural motifs found in softwood are shown in Figure 3.°

Lignin is composed of phenylpropenyl (C9)—randomly branched units. The
phenylpropenyl building blocks, guaiacols and syringols, are connected
through carbon-carbon and carbon-oxygen (ether) bonds. Trifunctionally
linked units provide numerous branching sites and alternate ring units.
Nature produces lignin by the enzymatic dehydrogenative polymerization of
coniferyl alcohol (common in softwoods), syringyl alcohol (common in
hardwoods) and coumaryl alcohol (common in grasses). More detail about
lignin structure by source and the various linkages present in lignin can be
found in Appendices 2 and 3. Understanding these linkage units may be
helpful when considering chemistries, products, and technical barriers in
creating value from lignin.

2 Lignin: Historical, Biological and Materials Perspectives, Glasser, W. G.; Northey, R.
A.; Schultz, T. P. Eds.; ACS Symposium Series 742, American Chemical Society,
Washington, DC, 1999.

3 Lignin Properties and Materials, Glasser, W. G.; Sarkanen, S. Eds.; ACS
Symposium Series 397, American Chemical Society, Washington, DC, 1988.

4 Lebo, S. E. Jr.; Gargulak, J. D.; McNally, T. J. Lignin. Kirk-Othmer Encyclopedia of
Chemical Technology, 4th Edition [Online]. John Wiley & Sons, Inc. 2001. DOI:
10.1002/0471238961.12090714120914.a01.pub2.

> Nimz, H. H. Ullmann’s Encyclopedia of Industrial Technology, Wiley-VCH Verlag
GmbH&Co. KGaA.

® URL http://www.helsink.fi/orgkm_ww/lignin_structure.html
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Figure 3 - Structural Motifs of Softwood Lignin

How Lignin Can Impact the Biorefinery

Lignin offers a significant opportunity for enhancing the operation of a
lignocellulosic biorefinery. It is an extremely abundant raw material
contributing as much as 30% of the weight and 40% of the energy content of
lignocellulosic biomass. Lignin’s native structure suggests that it could play a
central role as a new chemical feedstock, particularly in the formation of
supramolecular materials and aromatic chemicals.

DOE recently completed a study that suggests 1.3 billion tons of biomass is
available annually in the United States.” This amount of biomass could
potentially produce 130 billion gallons of liquid transportation fuels (ethanol,
mixed alcohols, green gasoline, biodiesel and green diesel). Significant new
technology developments are needed to maximize production and capture
the resources. Interestingly, the same resource is sufficient in size to supply
virtually all of the raw materials now required for the chemical industry.

” “Biomass as Feedstock for a Bioenergy and Bioproducts Industry: The Technical
Feasibility of a Billion-Ton Annual Supply” available electronically at
http://www.osti.gov/bridge (ORNL/TM/-2005/66)



http://www.osti.gov/bridge

DOE, at the request of the President, has set a goal of twenty percent
reduction of gasoline in ten years.® Five percent of the reduction is to be met
by fuel efficiency with the remainder coming from alternative fuels. This
equates to the production of 35 billion gallons of liquid transportation fuels by
2017. By 2030 the target is to replace thirty percent of the transportation
fuel supply with biofuels,® which equates to roughly 60 billion gallons.
Production of 60 billion gallons of ethanol, or other bio-derived fuel, would
require the use of approximately 0.75 billion tons of biomass (1.5 billion
pounds). The resultant lignin produced would be about 0.225 billion tons. The
lignin could be used to produce power, liquid transportation fuels or products.
Distribution of these three options depends on many factors including
biomass source, regional location and available technologies. Of the three,
only heat and power production are fully demonstrated today.

An approach that only considers process heat would be shortsighted. Higher
value products present economic opportunities. Lignin could have a
significant impact on increasing the amount of liquid transportation fuel
available from biomass over the carbohydrate fraction alone by up to twenty
percent.'® In Appendix 1 we consider six scenarios where 0.225 billion tons
of lignin are utilized for power, transportation fuels, products and various
combinations of the above. When lignin is used for purposes other than
power the overall revenue improvement is $12 to $35 billion. This is a
significant value improvement not to be overlooked. However, as will be
shown in this report, significant technology development will be required to
capture the value benefit.

8 2007 State of the Union Address, 20 in 10: Strengthening America’s Energy
Security, http://www.whitehouse.gov/stateoftheunion/2007/initiatives/energy.html
9 Biofuels initiative (BFI) 2006, see Office of the Biomass Program Multiyear Program
Plan 2007-2012, http://www1.eere.energy.gov/biomass/pdfs/mypp.pdf

1% see Appendix 1 for six scenarios that consider the use of lignin for power,
transportation fuels and chemical products.
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5 Initial Screening of Opportunities from Lignin

We considered many possibilities for products from lignin and the various
real or theoretical technologies required to make lignin-derived products a
reality in the biorefinery. Unlike the screening process used in Volume I,
which focused on sugars, identifying products from lignin was more
challenging because of lignin’s complex nature as a feed. Often, rather than
listing discrete chemicals, classes of chemicals were identified based on
functionality. Nevertheless, more than 50 opportunities were catalogued.

The possible products were evaluated on the basis of a combination of fit
with currently available technology for their use, likely acceptance in the
products marketplace (known market or unknown market) and an
assessment of the degree of difficulty to develop the technology. The
compounds were scored as high, medium, or low using the following criteria:

o Technology degree of difficulty — this evaluation assessed the
potential number of steps required and the relative difficulty of
achieving those steps. For many of these compounds, there is little or
no existing industrial experience or process evaluation history to draw
on. The assessment for this criterion was made based on available
information from the open literature, evaluation of the potential
process by the team, and other experts as necessary.

o Market — this criterion evaluated both potential market size and
expected product value using standard reference sources such as the
Chemical Economics Handbook.

e Market risk — this criterion evaluated the potential risk of bringing a
given lignin-derived product into the market. An example of a risk
considered “low” would be the introduction of a lignin-based source of
BTX or syngas. A risk considered “high” included compounds currently
not recognized as chemical building blocks (i.e., eugenol) or products
that would likely be produced as mixtures.

e Building block utility — this criterion assessed the potential of a
candidate compound to serve as a starting material for a larger group
of derivatives.

e Mixture — this criterion assessed whether a candidate could be
derived from lignin as a single compound or whether it would be
present as a complex mixture.

The analysis is shown in Table 1.
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Table 1 — Products Potentially Derived from Lignin Conversions

Process Heat & Power H L $6/10° Btu L NA NA
Syngas H L¥ H Variable L H NA
Methanol/Dimethyl ether (DME) H L H $0.80/gal L H or Fuel Y
Ethanol/mixed alcohols L H H $1 - $3.5/gal L-M H or Fuel Y
Fischer Tropsch Liquids H L H $1.5 - $2/gal L-M L Y
Mixed Liguid Fuels M M H $1.3 - $2/gal L L Y
M- H oras Perhaps or
By produ C1 0 C gases L oot |y e | L | Sy
transformations gasification
BTX and Higher Alkylates L-M M $2/gal L H Y
Cyclohexane L M H $2.20/gal L M Y
Styrenes L M-H H $0.70/Ib ? ? ?
Biphenyls L H L-M ? ? L Y?
Phenol L-M M H $0.55 - L H N
$0.65/Ib
Substituted Phenols M 520 078/”3 M M
Catchols, cresols, resorcinols L H >$1.5/Ib ? M Y
Eugenol L H ? M-H ? ? Y
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Table 1 — Products Potentially Reachable from Lignin Conversions (Continued)

el Expected Utility as S
Lignin Derived Product MEED L) Difficulty from METLER Markeft Ma_lrket Building _fro_m

Status from Volume* Value Risk* Block* Lignin as

Mixture?
Syringols L H ? M-H ? ? Y
Coniferols L H M-H ? ’ Y
Guaiacols L H ? M-H ? ? Y
Vanillin H L L $5.90/Ib H L N
Vanilic Acid M M ? ? H ? ?
DMSO H L M <$1/lb H L N
Aromatic Acids L H H gg ;‘gﬂb L H Y
Aliphatic Acids L H H 58'5155}.5 L M-H Y
Syringaldhyde and Aldehydes L H : ? M-H M Y
Quinones L H L-M > $1/Ib L ?
Cyclohexanol/al L H H > $0.75/Ib L H Y
Beta keto adipate ? ? H M ?
Carbon Fiber L-M M- H H o M N
Polyelectrolites L-H M M $1.5-$3/Ib M-L M Y
Polymer Alloys L-M M ? $1 - $2/Ib M NA Y
Fillers, Polymer Extender M H M < $1/lb M-H NA Y

Substituted Lignins

Carbonylated L H ? ? M-H ? Y
Ethoxylated L M L $1.50 - 2.50 M-H ? Y
Carboxylated L M L $1.50 — 2.50 M-H ? Y
Epoxidized L H ? ? M-H ? Y

13



Table 1 — Products Potentially Reachable from lignin (Continued)

e Expected Utility as S
Lignin Derived Product el EE Diffic%lt from WETL WETLER MEILER Builgin i
9 Status from y Volume* value' Risk* 9 Lignin as
Block* :
Mixture?
Esterified (Acetoxy) L H ? M-H ? Y
Thermosets L H ? M N Y
Composites L-M M-H ? ? M N Y
. Dependant
F_ormaldehyde—free Adhesives and L-M M- H H on Regultory M- H N v
Binders )
Environment
Wood Preservatives L H M M ? N Y
Nutraceuticals/Drugs L H-M H H H N Y
Mixed Aromatic Polyols L H ? ? M ? Y

*H = High or Well Developed
M = Moderate or Partial development
L = Low, or Emerging, Requires Intensive Effort for Development
? = Unknown or insufficient information
NA = Not Applicable

T Prices are 2005 or mid-2006 where available

t Gasification technology is dependent on lignin source and in some cases the technical feasibility can be high,
for example gasifying black liquor will have a different set of difficulties than other lignin containing fractions.
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Downselecting

A ready downselection occurred as the product opportunities readily fit into
one of three categories:

¢ power, fuel and syngas
e macromolecules
e aromatics and miscellaneous monomers

Specific types of products can arise with suitable technology development
from each of these classes. The categories themselves fit into near-,
medium- and long-term opportunities.

e Near-term: power, fuel and syngas
¢ Medium-term: macromolecules
¢ Long-term: aromatics and miscellaneous monomers

Each of the categories is discussed individually in the chapters that follow.
Each category includes information on the technology used, product
examples that can be produced and the technical barriers (opportunities)
that need to be overcome. Identifying and addressing the overarching
technical barriers identified in this report provides a basis for potential DOE
research to support the biorefinery.
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6 Power—Green Fuels—Syngas

The immediate near-term opportunities for lignocellulosic biorefineries use
lignin for process heat, power and steam. However, there are other
opportunities to consider for lignin that could be implemented in the three to
ten year time frame. Although these opportunities have technical challenges,
they have few technology barriers, and R&D support can be largely limited to
process engineering, recovery and integration refinements.

Combustion

Lignin combustion is practiced today in paper mills to produce process heat,
power, steam and to recover pulping chemicals. For lignocellulosic
biorefineries there will be technical challenges around material handling and
overall heat balance and integration. These are engineering problems that
are likely to be readily resolved by process engineering firms and equipment
suppliers. DOE funding in this area is probably not necessary.

Gasification

Lignin gasification produces syngas (carbon monoxide/hydrogen); the
addition of a second step employing water-gas-shift (WGS) technology allows
production of a “pure” hydrogen stream with co-formation of carbon dioxide.
Hydrogen can be used to make electricity (fuel cell applications) or for
hydrogenation /hydrogenolysis. Syngas can be used in different ways.
Technology to produce methanol/dimethyl ether (DME) is well established.
The products can be used directly or may be converted to green gasolines via
the methanol to gasoline (MTG) process or to olefins via the methanol to
olefins (MTO) process. Because of the high degree of technology
development in methanol/DME catalysts and processes this use of lignin-
derived syngas could be readily implemented. The technology needs include
the economic purification of syngas and demonstration that gasification can
proceed smoothly with biorefinery lignin.

Fischer-Tropsch (FT) technology to produce green diesel represents another
use of lignin-derived syngas. FT processes are well established. For example,
Sasol has extensive technology in this area. The technical needs for FT
include economical purification of syngas streams and catalyst and process
improvements to reduce unwanted products such as methane and higher
molecular weight products such as waxes.

The conversion of syngas to mixed alcohols has not been commercialized. It

would allow the production of ethanol and other fuel alcohols or higher value
alcohol chemicals. A major challenge for this technology is catalyst and
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process improvements to increase space time yields'! (catalysts are lacking
in selectivity and rate). This would include reducing methane, reducing
methanol, a three to five time increase in the yield of 2-carbon and higher
alcohols.

Although syngas production via gasification is a well developed technology
for coal (and natural gas), there is continuing controversy over gasification
economics at the scale anticipated for the lignocellulosic biorefinery. The
economics of gasification improve with increasing scale and it is not clear
that processing 2000 to 6000 dry tons per day will be economical. Thus, a
better understanding of this issue is needed and may lead to identification of
specific improvements needed in overall gasification technology. Gasification
of different lignin sources may also differ. For example gasification of black
liquor, a byproduct of pulping, has been problematic within industry.?

Gasification may fit into a biorefinery in numerous ways. Two examples are
shown in Figures 4 and 5. In the first example, the gasifier could be a stand-
alone process (Figure 4). Biomass residues would be fed directly into the
gasifier. The resultant syngas would then be converted to products such as
FT liquids (including green fuels), methanol or mixed alcohols.

Forest
i [ Gasificati icl— . FEthanol
Residues Gasification Syngas Synthesis

Chemical Methanol

Alcohols n-Propanol
n-Butanol
n-Pentanol

Figure 4 - Thermochemical Stand-Alone Gasifier

In the second example, the gasifier is integrated into a biochemical
lignocellulosics biorefinery (Figure 5). In this biochemical/thermochemical
integrated biorefinery the lignin-rich residue from lignocellulosics are fed into
the gasifier. Sugars are primarily converted into ethanol while the lignin is
primarily converted into syngas products.

1 Space time yield = kg of product/kg of catalyst/h.
12 JEH personal correspondence with Weyerhaeuser
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Corn Stover Ethanol via Coal-Fired

bioconversion CHP Plant
Steam & — Ethanol
Power
Lignin-rich Residue
Coal
Gasification Synthesis
Syngas

Chemical l

Alcohols Methanol
n-Propanol
n-Butanol
n-Pentanol

Figure 5 — Biochemical/Thermochemical Integrated Refinery

Pyrolysis

Fast Pyrolysis is a method that can convert dry biomass to a liquid product
known as pyrolysis oil or bio-oil. As produced, bio-oils are generally quite
unstable to viscosity changes and oxidation, which makes their use for
chemicals and fuels problematic. Pyrolysis oils could be incorporated into
certain petroleum refinery processes provided they are appropriately pre-
treated and stabilized. The outcome would be displacement of a fraction of
imported petroleum and the production of green fuels and chemicals.
Technology needs include 1) preconditioning the pyrolysis oil before
stabilization, 2) catalyst and process development to stabilize the pyrolysis
oil for storage and transport from a biorefinery to a petroleum refinery; and
3) validation of the stabilized pyrolysis oil compatibility with current
petroleum conversion catalysts and processes. For each of the three
catalysts, lifetime remains an issue.

As for gasification technology, pyrolysis technology could be the basis for a
stand-alone biorefinery (Figure 6) or integrated into a
biochemical/thermochemical refinery (Figure 7). The water-soluble portion
resulting from pyrolysis could be gasified to produce syngas or treated
catalytically to produce methane for power.*?

13 DOE has developed technology through PNNL to convert residues to methane-rich
fuel gases. See Appendix 4.
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F ) Pyrolytic
ores | igni “ " i
Residues — | Pyrolysis lignin Hydrotreating/ [ Green” Gasoline
hydrocracking “ S
Water soluble Green” Diesel
lysis oil :
pyrotysis of Fast Pyrolysis
, ® Dry precursor
Reformin
y *0.55/500 C/1atm
* Inert atmosphere / solid
Syngas particle heat carrier
Alcohol i —P.rOduc.tS
Synthesis * Pyrolysis oil (guaiacols, etc)
Methanol * Aqueous phase (sugar
n-Propanol breakdown products)
n-Butanol Commercial applications
Ethanol n-Pentanol * “Liquid smoke”
* “resins” not commercial
* “mixtures” not pure cpds
Figure 6 - Pyrolysis Integrated with Gasification
Ethanol
Corn Stover _Ethanol vi_a R
bioconversion CHP Plant
Steam & |
Power
Lignin-rich Residue
Coal
Pyrolysis Hydrotreating/ Green Gasoline
Pyrolytic | hydrocracking
lignin

(Diesel is recycled to produce a

lignin slurry feed)

Figure 7 - Biochemical/Thermochemical Pyrolysis Biorefinery
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Hydroliquefication

Lignin can also be converted into reformulated gasolines as a near- to
medium- term opportunity. UOP in 1988 patented some catalytic technology
in this area.*® Hydrocarbon Research Inc. also has done work that
incorporated lignin feeds into their proprietary H-Oil™ hydroliquefaction
process.® In collaboration with the University of Utah, the National
Renewable Energy Laboratory (NREL) has developed a multi-step process to
convert lignin into a branched aromatic hydrocarbon product that can be
used as a blending component for reformulated gasoline (Figure 8).'° The
first step, base-catalyzed depolymerization, breaks the lignin polymer into
phenolic intermediates that can be hydroprocessed into the final product. The
second and third steps include hydrodeoxygenation and hydrocracking to
give the final gasoline-blending component. The final product is a mixture of
naphthenic and aromatic hydrocarbons. Samples of this final gasoline
blending component have been produced at the liter-scale and tested as
gasoline blends in spark-ignition engines. Further technical requirements
include process demonstration at scale with appropriate feeds and
demonstration of acceptable catalyst lifetimes. Technical challenges include
combining process steps to improve overall economics. The fuels would need
to be certified for consumer use and the overall process economics verified.

L. Base Catalyzed .
Lignin—{ Depolymerization —> PhenO“C_
(BCD) Intermediates

- Selective Ring Naphthenic

. Hydrods:f')éyogenatlon Hydrogenation p lic
(HDO) (SRH) Fuel Additive
Hydrodeoxygenation Hydrocracking Aromatic Fuel

(HDO) (HCR) Additive

Selective Etherification Oxygenate

Hydrogenolysis (HT) Fuel Additive

Figure 8 — Hydroliquification to Green Fuels and Oxygenates

14 Urban; P.; Engel; D. J.; U.S. Patent 4,731,491 (to UOP) March 15, 1988.

5 Huibers; D. T. A.; Parkhurst, Jr., H. J.; U.S. Patent 4,420,644 (to Hydrocarbon
Research, Inc.) December 13, 1983. Naae; D. G.; Whittington; L. E.; Ledoux; W. A.;
Debons; F. E.; U.S. Patent 4,787,454 (to Texaco) November 29, 1988.

¢ (a) Shabtai; J. S.; Zmierczak; W. W.; Chornet; E.; U.S. Patent 5,959,167 (to
University of Utah) September 28, 1999. (b) Shabtai; J. S.; Zmierczak; W. W.;
Chornet; E.; U.S. Patent 6,172,272 (to University of Utah) January 9, 2001. (¢)
Shabtai; J. S.; Zmierczak; W. W.; Chornet; E.; Johnson, D.; U.S. Patent Appl.
20030115792 (to NREL) June 26, 2003. (d) Shabtai; J. S.; Zmierczak; W. W.;
Chornet; E.; Johnson, D.; U.S. Patent Appl. 20030100807 (to NREL) May 29, 2003.
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Overview of Technology and Challenges

An overview of the technology, product examples and technical challenges
for the Power—Green Fuels—Syngas product category is provided in Table 2.

Table 2 — Near-Term Conversion Technologies: Power—Green Fuels—Syngas

Technology

Lignin combustion

Product Examples

Process heat

Technology Challenges

Engineering and process
integration

Gasification

MeOH/DME
Green fuels olefins

Economic gas purification;
process scale-up

Gasification

Fischer-Tropsch
green fuels

Economic gas purification;
catalyst and process
improvements for methane and
heavies reduction;

process scale-up

Gasification

Fuel ethanol,
propanol, butanol

Economic gas purification;
catalyst and process
improvements to produce
2-carbon and larger alcohols;
process scale-up

Pyrolysis oil suitable
for integration into

Economical stabilization of
pyrolysis oil for transport and

Pyrolysis E?;(r:zls?sugrrgfrleneer?:‘hel compatibility in petro-refinery;
and chemicals process scale-up
Reformulated Process demonstration; catalyst
Lignin fuels life; reducing number of process

gasolines

steps; process scale-up
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7 Macromolecules

All current commercial uses of lignin, except combustion and production of
synthetic vanillin and dimethylsulfoxide (DMSO), take advantage of lignin’s polymer
and polyelectrolyte properties. These are primarily applications targeted at
dispersants, emulsifiers, binders, and sequestrants. In fact, nearly three-quarters of
commercial lignin products are believed to lie within these applications. Other,
smaller applications include adhesives and fillers. Generally, lignin is used in these
applications with little or no modification other than sulfonation or thio
hydroxymethylation. These uses mainly represent relatively low value and limited
volume growth applications.

Lignin’s commercial applications as a polyelectrolitic and polymeric material could
be greatly expanded into higher valued macro monomer and polymer applications
with the development of appropriate chemical and catalytic processes. This will
require a better fundamental understanding of lignin reactivity relative to the
source and the process by which it was isolated. This knowledge will help lead to
development of appropriate technology to modify, control and amplify lignin’s
polyelectrolyte, chemical reactivity, including copolymerization, and compatibility
properties with other monomers and polymers. A description of current commercial
lignin use can be found in Appendix 6 and emerging lignin opportunities in Appendix
5; many of these include macromolecules.

Complete lignin depolymerization is an energy-negative process aimed at undoing
what nature has done during biosynthesis. In the chemical and commercial lignin
industry, one recurrent theme is that research is instead needed to enhance the
uses and add value to the polymer that nature has already provided.

Examples of opportunities from macromolecules include: carbon fiber, polymer
modifiers, adhesives and resins. One significant technical problem is that lignins
from different biomass sources and isolation processes have significantly differing
reactivity, molecular weight distributions, melting points and polyelectrolyte
properties. These will be different in turn from the lignins recoverable from pulp
mills. It is anticipated that R&D to develop appropriate lignin conditioning process
technology will be necessary to alleviate the likely complications derived from these
basic property and structural differences but will ultimately lead to new high-
performance materials for the chemical and materials industries.

Carbon Fibers

Lignin represents a potential low-cost source of carbon suitable for displacing
synthetic polymers such as polyacrylonitrile (PAN) in the production of carbon fiber
(Figure 9).%" Diverting ten percent of the lignin potentially available in the United
States could produce enough carbon fiber to displace about half of the steel in

17 “Kline and Companies program for cost assessment of a new carbon manufacturing
process” a final report to the Automotive Composites Consortium, March 29, 2004.
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domestic passenger vehicles. Using lignin in the carbon fiber manufacturing process
improves raw material availability, decreases raw material sensitivity to petroleum
cost, and decreases environmental impacts. The goal of replacing steel panels with
lightweight, yet strong, carbon fiber-reinforced plastics is to significantly reduce
vehicle weight and improve fuel economy.

The initial step in economical lignin-derived carbon fiber production requires that
lignin be melt-spun at high rates. The technical barriers in this step include low-cost
purification of lignin to remove bound short lengths of polysaccharides, salts,
particulate contaminants, water and other volatiles. Another technical challenge is
dealing with lignin molecular weight polydispersity. Certain molecular weight
fractions (either very high or very low) may need to be selectively removed. A final
barrier is the development of practical new methods to process, stabilize and
derivatize lignin and thus optimize its thermal (Tg), melt flow, and melting point
properties. Another goal is to make lignin from different sources acceptable as a
raw material for high-rate melt spinning and simultaneously capable of delivering
high-carbon weight yields when the melt spun lignin fiber is thermally converted to
carbon fiber.

H3CO OH

7?{0\@\} OCH:O o,
O /E;( Melt spin
HsCO O OCHs followed b

HO OH pyronSIS
° >C H
HyCO HO

Figure 9 - Depiction of Low-Cost Carbon Fiber from Lignin

Polymer Modifiers

Polymer modifiers can be simple, low-cost fillers or may be high-value additives
that improve various polymer physical or performance properties. Currently, lignin
use concentrates on the former; future research should concentrate on the latter by
creating technologies that improve polymer alloying, mutual solubility, cross-linking
and control of color. Relevant technologies include predictable molecular weight
control, facile introduction of reactive functionality and polyelectrolytic functionality.
Examples of reactive functionality might include the addition of ethyoxy, epoxy,
vinyl and carbonyl moieties. Molecular weight control could include polydispersity,
depolymerization, molecular weight increase, intermolecular cross-linking or
increasing phenolic functionality. The technical challenges surrounding polymer
modifiers include understanding how to make these modifications economically,
effectively and predictively with lignins of different sources. The modified lignins
need to be validated in a variety of high-value applications. Applications may
include high-strength engineering plastics, heat-resistant polymers, under-the-hood
uses, antibacterial surfaces, high-strength and formaldehyde-free adhesives and
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light- and ultraviolet-resistant polymers. Another technology challenge for some of
these applications is control of lignin color.

Resins/Adhesives/Binders

Resins and adhesives offer a large opportunity, especially for formaldehyde-free
applications. Formaldehyde is currently considered a carcinogen and its banishment
from consumer and packaging goods and building products is highly likely in the
near term. The U.S. Department of Housing and Urban Development and the U.S.
military are already moving in this direction. Technical needs and challenges for
lignin in this area center on effective, practical means for molecular weight and
viscosity control, functional group enhancement (for example, carbonylation,
carboxylation, amination, epoxidation and de-etherification, that is, methoxy
conversion to phenolic) to improve oxidative and thermal stability, provide
consistent mechanical processing properties, control lignin color and provide precise
control of cure kinetics. Product consistency in these application targets will also be
a technical challenge.
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Overview of Technology and Challenges

An overview of the technology, product examples and technical challenges for the
macromolecules (high molecular weight) product category is provided in Table 3.

Table 3 - Medium-Term Conversion Technologies: High Molecular Weight Lignin
Products and Classes Identified in the Evaluation

e Economical purified lignin sources

e Economical modifications to allow

Carbon fiber high-melt spin rates

e High carbon yields

e Application to varied lignin sources

¢ Economical modifications to improve

solubility and compatibility with other
polymers

e Controllable alteration of molecular
weight

e Control of polymer color

e Control of polyelectrolyte character

¢ Functional group enhancement

e Molecular weight and viscosity
control

¢ Functional group enhancement
(carbonylation, carboxylation, de-
etherification) to improve oxidative
stability, thermal stability, consistent
lignin properties, cure rate
consistency and lignin color

Polymer fillers

Thermoset resins
Formaldehyde-free resins
Adhesives and binders
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8 Aromatic Chemicals

Lignin is the only renewable source of an important and high-volume class of
compounds—the aromatics. Demand for a few of the highest volume aromatics is
shown in Table 4. It is easy to conclude that direct and efficient conversion of lignin
to discrete molecules or classes of high-volume, low-molecular weight aromatic
molecules is an attractive goal. As petroleum resources diminish and prices
increase, this goal is very desirable, and is perhaps the most challenging and
complex of the lignin technology barriers. Bringing high-volume aromatics
efficiently from a material as structurally complex and diverse as lignin becomes a
challenging but viable long-term opportunity.

Table 4 — Long-Term Conversion Technologies Required for Aromatics Market

BTX 45.3 93 930

Phenol 5.09 10 80

Terephthalic acid 11.1 13 130
Total 61.5 116 1,112

*Theoretical lignin required is based on simple calculation of the relative molecular
weights of lignin (taken to be 188 for organosolv lignin)*® and the aromatic listed.*®
Using current technology, the best that can be achieved today is approximately ten
percent of theoretical.

BTX Chemicals

When considering the different kinds of structural motifs present in lignin from
various biomass sources, it is easy to conclude that technology developments may
lead to two sets of compound classes.

One of these, which would arise from aggressive (i.e., non-selective)
depolymerization in the form of C-C and C-O bond rupture, is aromatics in the form
of BTX plus phenol and includes aliphatics in the form of C1 to C3 fractions (Figure
10). Of course, there is the possibility of forming some C6-C7 cycloaliphatics as

8 |n comparison, kraft lignin has an average monomer molecular weight of 180 and
lignosulfonate has an average molecular weight of 215-254. Lebo Jr., S. E.; Gargulak, J.E.;
McNally, T. J.; Kirk-Othmer Encyclopedia of Chemical Technology, 4™ Edition [online]. John
Wiley & Sons, Inc.

19 Terphthalic acid analysis likely underestimates the amount of lignin required on a
theoretical basis as the carbon connectivity is not necessarily correct.
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well. These products could be easily and directly used by conventional
petrochemical processes (Figures 11 and 12). Development of the required
aggressive and non-selective chemistries is part of the long-term opportunity but is
likely to be achievable sooner than highly selective depolymerizations. In fact, some
of the past hydroliquefaction work with lignin suggests that, with further
development, this concept is a good possibility.

HsCO
o. OCH3

L S

HO. ‘%L
0, O O/Q/ + + + aliphatic
HCO O OH OCH,8 1C-3C
on New

"lights"
HO OH Benzene toluene xylene
oﬁg technology
Hcd MO Curr

nology

Aromatic chemicals, nylon intermediates,
resins and many others

Figure 10 - Conversion of Lignin to BTX chemicals
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*Note the most likely form of xylene that can be produced from lignin is the meta
isomer. However, isomerization of mixed xylenes to para-xylene is commercially done
today and could provide para-xylene for the polyester markets.

Figure 11 — Examples of Current Technolgies Using BTX
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Figure 12 - Phenol Derivatives using Current Technology

Monomeric Lignin Molecules

Another view is that very selective depolymerization, also invoking C-C and C-O
bond rupture, could yield a plethora of complex aromatics that are difficult to make
via conventional petrochemical routes (Figure 13).%° These compounds are closely
related to the basic building blocks of lignin and may be highly desirable if they can
be produced in reasonable commercial quantity. Two barriers would need to be
overcome, however. First, technology would need to be developed that would allow
highly selective bond-scission to capture the monomeric lignin building block
structures. Development of this technology will be more difficult than the more
aggressive processes that would yield BTX or phenols. Second, markets and
applications for monomeric lignin building blocks would need to be developed. For
the reasons listed above, this technology is longest-term and currently has
unknown market pull for large-scale use. Since most of the chemical industry is
used to single, pure-molecule raw materials, using mixtures of products in a
chemical raw material feed, as would arise from lignin processing, constitutes a
challenge. New/improved separation technigues for aromatic lignin monomers
constitute a related challenge.

20 A current example is the production of lignin-derived vanillin.
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Figure 13 — Products that Preserve Lignin Monomer Structure

Low Molecular Weight Byproducts

In lignin processing, low-molecular weight aliphatics (C1-C3, etc.) also will be
produced along with aromatics. Residual lights may include formic or acetic acids as
well as aliphatics and olefins. Such low-molecular weight materials could be applied
to syngas (reforming), alkylated gasoline or propane (LP) fuels. Alternatively, this
material could be dehydrogenated to provide low-molecular weight olefins and
residual lights. In a third option, the lights could be applied to power or heat
production to provide the energy to drive the lignin conversion process.

Fermentation Products

Few fermentation routes are available today that use lignin as a nutrition source
other than some routes that are of academic interest. In one such route, 2-keto-
adipic acid is produced. Commercially viable fermentation technologies, possibly
based on modifying “white-rot” fungi, represent a higher-risk area of research.

Overview of Technology and Challenges

An overview of the technology, product examples and technical challenges for the
aromatics, including BTX, phenols, monomeric lignin molecules and other low
molecular weight products is provided in Table 5.
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Table 5 — Long-Term Conversion Technologies: Aromatic Chemicals

BTX Chemicals
¢ Benzene

Catalysis — selective dehydroxylations
and demethoxylations; dealkylations.

e Toluene Application of catalytic-reforming
o Xylene chemistry from petrochemical industry
Catalysis — selective dehydroxylations
and demethoxylations; hydrogenolysis;
Phenol dealkylations. Application of catalytic

reforming chemistry from petrochemical
industry

Lignin monomer molecules
(substituted coniferols)
e Propylphenol
Eugenol
Syringols
Aryl ethers
Alkylated methyl aryl ethers

Catalysis — selective hydrogenolysis;
formylation, hydrotreating,
understanding of reactivity ratios,
polymerization technology, formulations;
catalytic dealkylation, demethoxylation,
hydrolysis; control of side chain
structure; controlled reduction,
preservation of aromaticity; aromatic
side chain cleavage, applications for
mixtures; demethylation; ether cracking

Oxidized lignin monomers
e Syringaldehyde
e Vanillin
e Vanillic Acid

Catalysis — selective oxidation

New Diacids and
Aromatic diacids

Selective oxidations, catalysis,
carbonylations, activation of ArOH bonds
polymerization technology, formulation,
understanding of polymer properties

p—Keto adipic acid, aliphatic acids, new
Polyesters, new polyols

Biocatalysis; selective bioconversion of
aromatics; selective oxidations-
understanding of lignin peroxidases,
laccases, etc.; polymerization
technology, formulations; P. Putida
transformations, development of new
lignin converting organisms.

Aromatic polyols
e Cresols
e Catechols
e Resorsinols

Catalytic hydroxylation processes,
dehydrations, dealkoxylations, selective
reductions, selective aromatic ring
reduction technology

Cyclohexane and substituted
cyclohexanes

Selective reductions and dealkylations

Quinones

Catalysis — selective oxidation (O, air,
HOOH); radical-based oxidants;
reactivity of phenolics and phenolic
radicals
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9 Challenges for Lignin Use within the Biorefinery

To this point we have identified opportunities and technology challenges—or
barriers—for using lignin to form products. However, there are other technical
challenges associated with the broader aspects of the lignocellulosic biorefinery
operation. Biorefineries will be presented with different types and possibly changing
mixtures of local biomass feedstocks. Depending on many factors, individual
biorefineries may target different arrays of products in addition to fuels and thus
use different, and possibly changing, biomass processing schemes. The inevitable
result is a high degree of variability in the lignin recovered from different refineries.

Unique Nature of Lignin within Biomass

Lignin is uniqgue among biomass components. It has an aromatic substructure. It
does not act or react anything like carbohydrates or oils; it is more structurally and
chemically complex. Carbohydrates may be separated from the parent biomass
either intact—for later hydrolysis to monomeric carbohydrates—or directly as
sugars. Oils are separated as triglycerides or as free fatty acids. In either case,
processes for production of carbohydrate-derived chemical products via catalysis or
fermentation deal with a fairly consistent and uniform feedstock largely
independent of the recovery process.

Lignin, however, will come out of any biorefinery recovery process as a complex,
polydisperse, high-molecular weight material with uncertain reactivity. This
variability is the result of the different basic building block components that make
up lignin, which depend on biomass source. The recovery processes used in any
specific biorefinery will likely be chosen to optimize the carbohydrate stream and
depend on many factors including biomass source and intended product slate.
Depending on biomass source, the exact details of the biomass feed and the lignin
recovery processes will result in lignins of differing, even changing, properties. This
variability includes molecular weight distribution; isoelectric point; solubility;
reactivity; number of free phenolic, hydroxyl and carboxyl groups; percent
aromaticity; the types of aromatic substitutions (proton, hydroxyl, methoxy and
alklyl); degree and type of cross linking; and amount of residual bound
carbohydrate fragments.

Industrial lignins, especially those produced by conventional pulping processes,
represent reactive feedstocks and will likely exhibit lower oxidative and thermal
stability than other biorefinery process streams, depending on the conditions to
which they are exposed. Time and temperature during storage and movement

between unit operations likely will also influence lignin properties and reactivity.

Pyrolysis and gasification offer near-term solutions to the challenge presented by

lignin variability. The discovery and development of economical processes that can
retain lignin’s inherent character for use in materials or chemicals is a longer-term
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objective. The adaptation of such processes for diverse biomass sources will need
to be demonstrated, otherwise lignins utility will be localized.

Lignin’s variability, the presence of a large number of substructural units and its
instability suggests that presenting lignin to any given process will likely result in a
number of different reaction rates with reactions occurring at different sites. This
will naturally lead to mixtures of products, for example mixed substituted
aromatics, even if they are of similar nature.

This leads to another challenge for lignin use. The chemical industry is built largely
on the use of uniform and consistent raw materials. It is unlikely that this will
change, so technologies will need to be developed to precondition lignin to make its
properties and reactivity patterns more stable, consistent, and uniform. One
concept that may be of value is to separate lignin used for production of chemicals
from the biomass early in biorefinery operations, using mild methods to conserve
the structure. Developing and validating technology for this approach presents
another challenge.

Choice of Lignin Separation Technology for the Biorefinery

Integrating a lignin process stream with the OBP’s biochemical and thermochemical
platforms will require identifying the best method to separate lignin from the
biomass raw material cost-effectively. Although determining optimum lignin
separation/isolation technologies for biorefineries is not the primary goal, it is an
important parallel technical challenge. The structure, and in particular the
reactivity, of a biorefinery lignin process stream will depend strongly on the method
used for its separation. Moreover, each biorefinery will impose its own business
model on the choice of lignin separation technology. Defining the best processes for
a lignocellulosic biorefinery is well outside of the scope of this report.

This issue does lead to another need — that of sophisticated techno-economic
analysis well suited to evaluating many different combinations of process scenarios
and product combinations and determining the smallest subset that makes the
most economic sense for any given biorefinery. The complexity of this question is
illustrated by examining a forest-based biorefinery and the kraft process as a
potential biorefinery lignin source. Kraft pulping is the dominant chemical pulping
process and is described in further detail in Appendix 4.

From a current volume and infrastructure standpoint, kraft lignin is an attractive
feedstock. Virtually all lignin process streams in today’s domestic and world
markets are the byproduct of kraft-based pulp and paper manufacture. The current
process scenario for producing this lignin stream from forest biomass is shown in
(Figure 14). However, in only a very few kraft mills worldwide is lignin separated for
production of products. Only one of these units is in existence in the United States
today.
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Figure 14 - Current Commercial Process Scenario for Lignin Use

The vast majority of lignin is not isolated in the kraft process but is used in the form
of “black liquor” to supply the power, process steam and chemical recovery needs
of the pulp mill. One option to increase the use of kraft lignin would be large-scale
adoption of black liquor gasification by the pulp and paper industry. Black liquor
gasification leads to more efficient power generation in a mill. The gas turbines
associated with a gasifier are roughly twice as efficient as the steam turbines used
in current chemical recovery processes. This increase in efficiency opens up a
number of possible operating scenarios. For example, a biorefinery based on lignin
gasification could tap into this increased efficiency by generating a higher
proportion of its internal power needs. Alternatively, the biorefinery could generate
the same amount of power and use excess syngas to produce higher-value
products. Other scenarios that combine the use of existing chemical recovery
processes with smaller gasifiers have also been suggested. Under these conditions,
kraft separation of biomass raw material could allow lignin, via syngas in the
thermochemical platform, to become a viable feedstock.

In contrast, the kraft process exhibits disadvantages, even with gasification
included. These include its complexity, odor, expense, the significant effluents
required and the large recycle volume for chemical handling and recovery. A further
disadvantage of the kraft process is its inability to easily separate biomass into
individual process streams of cellulose, hemicellulose and lignin. Kraft processing is
not usually associated with non-wood feedstocks. Pulp mills also use changing
mixes of tree types (softwood versus hardwood). The presence of sulfur in black
liguor and in conventionally isolated kraft lignin also presents serious problems for
any catalytic process.

In the future, biomass feedstocks will be expanded to include lignocellulosics from
many sources including agricultural wastes or fast-growing trees. Processes will be
needed to separate biomass (regardless of source) into its individual components.
The carbohydrate fractions (cellulose and hemicellulose) will be broken down to
simple sugars and used to produce liquid fuels and chemical products. Lignin would
be available to provide power, syngas, high- and low-molecular weight products or
liquid fuels (Figure 15). The choice of lignin separation processing and what
fractions of the separated biomass components should be directed to various
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products will be a decided on market and technical economic analysis. A discussion
on this area is beyond the scope of this report and likely depends on many local or
regional factors.
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Figure 15 - Future Process Scenario for Biorefinery Lignin Use

Such guestions are not unique to the kraft process. The R&D opportunities
identified in this report have been chosen to help address and solve these issues.
Every potential separation technique will need to be evaluated within several
business and product scenarios. Ultimately, each biorefinery will need to choose a
lignin isolation process, and perhaps also a conditioning process, that is most
suitable for the products targeted.

As a biorefinery incorporates increasingly sophisticated technology for lignin
transformations, it is likely that new sources of lignin will need to be incorporated.
Table A.6 (Appendix 4) shows several separation technologies that produce a lignin
byproduct stream and highlights the types of biomass for which they most likely
apply. At the individual biorefinery level, it will be necessary to examine a range of
potentially available lignin sources and lignin separation — isolation processes. It
may be that several types may be optimally used in some biorefineries, and
choosing these will likely become a techno-economic analysis issue.

Appendix 4 provides some detail for the diversity of lignin separation — isolation —
recovery processes that could reasonably be incorporated into the biorefinery along
with their advantages and disadvantages. Technology development in a lignin
program combined with thorough techno-economic analysis would identify the
sources and separation — recovery processes most likely to make the most impact
within the biorefinery.
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10 Moving Forward

The screening choices that led to the three most significant opportunities for lignin
should be viewed as generic guidance. This report should next undergo brief
industrial review. Reviewers from several industrial sectors have been selected.
Through the review process the authors are looking for additional insight,
collaboration or modification of the conclusions presented. In the meantime, the
following seven points are recommended for moving forward.

Point 1. Lignin Utilization Offers Impact.

Lignin accounts for about 30% of the weight and 40% of the fuel value of biomass.
Lignin, or lignin process residues, can always be used for process power through
combustion. However, new opportunities afforded by technology development can
lead to much higher overall value. In simple scenarios, an aggregate biorefinery
industry that processes 0.75 billion tons of biomass could increase liquid fuel
production by up to 12 billion gallons (an increase of 20%) and add $12 to $34
billion in revenues (Table A.1, in Appendix 1).

Point 2. R&D Offers a Balanced Portfolio.

As technology barriers are addressed, lignin transitions from a fuel source into a
key biorefinery process stream. A portfolio of near-, medium- and long-term
opportunities exists. In the near-term, gasification to syngas within the
thermochemical platform or pyrolysis to bio oils can produce ethanol, mixed
alcohols, green fuels or other syngas products. In the medium-term, opportunities
that use lignin as a macromolecule for high-molecular weight applications exist. In
the long-term, aromatic products with greater than a 60-billion-pound market
remain a possibility.

Point 3. Technology is Available for Lignin Use Nowv.

Gasification processes can be used with almost any lignin process stream,
regardless of source, making it ideal for near- to medium-term applications. Some
medium-term opportunities also exist with macromolecules. Primary technical
challenges to the use of lignin include the relatively small amount of R&D effort that
has been expended toward developing lignin as a chemical feedstock, lignin’s non-
uniform structure, and choosing the best lignin separation/isolation process for the
biorefinery.

Point 4. Aim DOE R&D Support at Technical Barriers.

The most effective investment of DOE funds will be in broadly applicable technology
development. Medium- and longer-term opportunities will require transcending
some significant barriers. This report has identified groups of provisional targets
whose preparation would enable the development of needed lignin conversion
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technology. These targets have been assessed with regard to their potential market
impact. However, specific target molecules and applications are best defined by
market pull factors identified by industry. One example barrier for lignin is the
production of single products rather than mixtures. The chemical industry is not
equipped to handle product mixtures in most of its processes. To address this
barrier, new technology might be developed for product separations or to
selectively remove specific linkages allowing control over product profile.

Point 5. Catalysis Will Be an Important Technology.

Highly developed and efficient catalytic processes are the essential key to today’s
petrochemical refinery. Efficient value maximization of the lignin stream within the
biorefinery will be no different and requires catalytic processing. Thus, development
of selective and robust catalytic processes specifically designed for lignin conversion
must be a core effort in a biorefinery program. Selective oxidation, reduction, and
bond breaking/making processes will be needed. Biochemical processes for
selective lignin functionalization, or formation of selected structures, will be
important. Catalytic processes leading to low-color lignin would facilitate its
increased use in color-sensitive applications such as coatings, surfactants and
polymer applications. This is a significant technical challenge that historically has
played an important role in preventing large-scale industrial efforts to use lignin as
a source of renewable carbon. However, the high-risk/high-reward nature of the
challenge makes this effort ideal for work within the DOE Office of Biomass
Program’s national laboratories.

Point 6. Other Technology Support is also Required.

Maximizing the product opportunities from lignin requires that lignin separation
technologies be improved or developed along with lignin utilization and product
separation technologies. Because lignin has traditionally been relegated to use as a
fuel, technologies complementary to lignin conversion have received less support.
There is an R&D need to understand the chemical and structural features that result
from various lignin separation/isolation processes. Of highest importance is the
need to remove lignin early and mildly in biomass fractionation processes. Biomass
fractionation processes designed to optimize the quality of the sugar stream almost
always do so at the expense of the lignin stream. The longer lignin isolation is
delayed, the more intractable it becomes. This report identifies several fractionation
processes that give a useful lignin fraction while still maintaining a sugar stream of
excellent quality (Appendix 4).

Lignin Conditioning

Subsequent to lignin isolation, further “lignin conditioning” steps may be needed to
make it more amenable to further chemical transformation. These steps could
include molecular weight reduction of the initially isolated lignin, choosing or
chemically modifying lignin to favor certain functional groups, or selective
separation of different molecular weight fractions. Developing technology to
manage lignin’s molecular weight could be of great importance in its development
as a feedstock. Development of these types of processes for selective lignin
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conversion could afford a much more tractable source of renewable carbon. The
industry has learned how to convert equally complex materials (crude oil, coal) into
useful building blocks. Technology tailored for the structural features of lignin
should be able to accomplish the same goal, simplifying many of the proposed
conversions in this report. It is also likely that the “conditioning” of lignin, that is,
making it ready for conversion to building blocks and other products, also should be
conducted as soon as possible after separation from its parent biomass.

Structure of Analysis

The analysis of lignin’s structure has been ongoing for over a century. Yet
surprisingly, a complete picture of lignin is still not available. The best chemical
methods give high resolution, but only show the structure of the 30% of the lignin
sample that is soluble. Spectroscopic techniques (e.g., near infrared) may give
rapid information but only broad sketches of the true lignin structure. Parallel
development of rapid, high-resolution processes (for example, recent developments
in 2-D NMR) could greatly enhance our understanding of lignin structure,
particularly for processed lignin.

Separation technology

Separation technology is always a component of conversion technology. However, it
will be of special importance in a program directed at lignin conversion. Current
lignin separation methods are directed mainly at optimizing the properties of the
cellulose or sugar fraction of biomass and largely eliminating lignin. Advanced
separation technology for lignin is needed both for upstream separation of lignin
from biomass and downstream separation of lignin products from each other.
Separation from biomass could include lignin recovery of different molecular weight
ranges or isolation of a small group of low molecular weight lignin fragments.

While an ideal goal of technical development would be conversion of lignin to single
compounds, lignin’s heterogeneous structure will generally lead to product
mixtures, perhaps enriched in a product of interest. Separation will be necessary to
convert these mixtures into more useful product streams. Research into size-
selective or functional group-selective processes will be important.

Point 7. Technoeconomic Analysis Should Guide Research

Technoeconomic tools can be used to guide research efforts by identifying where
the most impact can be made. Lignin could become an equally important source of
renewable carbon as sugar, but the research lags that of other biomass
components. To effectively address the technical barriers in a reality of limited
budgets, research must be carefully directed. R&D and analysis should work in
parallel, supporting each other, to uncover opportunities in the shortest time.
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Appendix 1 — Increasing Revenue by Utilizing
Lignin

Table A.1 shows the results of high level estimation of the revenue of
lignocellulosic ethanol production under six scenarios. In each scenario the
carbohydrate portion of biomass is converted to 60 billion gallons of ethanol.
Lignin is used to produce power, syngas alcohols, aromatic chemicals (BTX),
carbon fiber or combinations of the above. All calculations are based on an
underlying assumption that 60 billion gallons of fermentation ethanol will
require 0.75 billion tons of biomass and that biomass is composed of 30%

lignin. Hence there will be 225 million tons (450 billion pounds) of lignin
produced.

In Scenario 1 (base case) lignin is used for power. Under this scenario lignin
provides a fuel credit value of $11.2 billion. This assumes that lignin has a
fuel value of $0.04 per pound on a dry basis (Btu replacement with coal) but
is discounted to $0.025 per pound as wet.

In Scenario 2 lignin is gasified and converted to mixed alcohols (syngas
alcohols). The assumptions in this scenario are that one ton of lignin will yield
fifty-five gallons of ethanol and 19 gallons of mixed alcohols (three to five
carbon alcohols). The conversion involves gasification followed by catalytic
upgrading of syngas. Although the fuel credit value is lost, the ethanol
produced adds another $12.4 billion in revenue. The remaining mixed
alcohols are valued at $2.55 per gallon and provide additional revenue of
$12.1 billion. In addition to higher revenue, an additional 12.4 billion gallons
of liquid fuel (ethanol) is produced in this scenario.

In Scenario 3, lignin is converted to simple aromatic chemicals (BTX). This
assumes that lignin is converted at twenty weight percent efficiency, that one
ton of BTX equates to 277 gallons and that BTX has a chemical value of
$2.00 per gallon. Under this scenario 12.7 billion gallons of BTX are produced
at a value of $24.9 billion. No effort is made to burn the 80% residual for
power which would increase the overall revenue.

In Scenario 4, Lignin is converted to BTX with the byproducts (approximately
80% of the lignin) being gasified to provide syngas alcohols. The
assumptions have been previously stated. In this scenario the revenue
increases by $31.2 billion and ethanol production increases by 9.3 billion
gallons.

In Scenario 5, lignin is converted to 11.7 billion pounds of carbon fiber — an
amount that would go into 15 million cars (100 pounds of carbon fiber per

car). The remaining lignin is gasified and converted to syngas alcohols. The
carbon fiber production requires 1.5 billion pounds, less than one percent of
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the lignin available. Carbon fiber is composed of 90% lignin and 10%
synthetic polymer at an overall weight yield of 45%. The carbon fiber selling
price is assumed at $3.50 per pound, although reasonable price structure
could be $5 to $7 per pound. In this scenario the revenue increase is $16.1
billion and the increase in ethanol production is 11.7 billion gallons.

In Scenario 6, 1.5 million tons of lignin is converted to carbon fiber, the
remainder is converted to BTX chemicals and the byproducts of that process
are converted to syngas alcohols. In this scenario the revenue increase is
$35 billion and an additional 8.6 billion gallons of ethanol are produced.

Note that increase in revenue does not necessarily mean an increase in
profitability; that would assume the low cost processing of lignin. Identifying
barriers to cost effective processing is the aim of this report.

Notes and assumptions for Table A.1:

1. Sixty billion gallons of fermentation ethanol requires 0.75 billion tons
of biomass. If biomass is composed of 30% lignin that equates to 225
million tons (450 billion pounds) of lignin.

2. Lignin fuel value = $0.04/1b dry basis (Btu replacement with coal), but
this is discounted to $0.025/1b as wet.

3. One ton of lignin yields 55 gallons of ethanol and 19 gallons of C3-C5
mixed alcohols when gasified and catalytically converted.

4. Mixed C3-C5 alcohols are valued at $2.55/gallon; BTX is valued at
$2.00/gallon.

5. Lignin can be converted to BTX at a 20% weight efficiency; 1 ton BTX
= 277 gallons.

6. Carbon fiber is composed of 90% lignin and 10% synthetic polymer
with an overall 45% weight yield; selling price = $3.50 (could be as
high as $5—%$7/Ib). For 15 million cars / year at 100 Ibs carbon/car, the
carbon fiber demand would be 1.5 billion Ibs (requires 0.0015 x 10°
tons of lignin or < 1% of the 0.225 x 10° available.

7. Added a five percent efficiency loss for syngas alcohols as a factor for
the extra processing.

8. Added a ten percent efficiency loss for syngas alcohols as a factor for
extra processing.

40



Table A.1 - Estimated Revenue Improvements Utilizing Lignin Produced from 60 Billion Gal of Ethanol
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Appendix 2 — Initial Evaluation of Lignin
Opportunities

The evaluation process began by developing lists of broad opportunities for
lignin conversion. The first output of this evaluation was a series of star
diagrams for lignin conversion that was used to begin downselection of a
large number of possibilities. This appendix summarizes the first lists of
opportunities evaluated for the report. The intent of this activity was twofold:
1) generate a large number of hypothetical structures that might be available
from lignin conversion, and 2) develop a preliminary list of conversion
technologies.

Figures A.1 — A.6 suggest possible structures that could be derived from the
guaiacyl and syringyl (see Appendix 3) units present in lignin. These
applications have not been thoroughly investigated since only a few of the
compounds in the figures were known to be commercially available in pure
form and at low cost. In this early stage of evaluation, the structure used for
lignin was strictly illustrative.
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Figure A.1 - Potential Structures Available from Guaiacyl Units, Group 1
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Further evaluation examined lignin conversion to polymeric and other high-
molecular weight molecules, for example, compounds available through lignin
chain extension using propylene oxide or ethylene oxide (Figure A.7). Chain
extension can significantly alter the physical property of lignin, even
transforming solid kraft lignin into a wax or a viscous fluid.

ocH
HsCO 3 HsCO

OCH3 o
OH OH
H3CO

OCH3

Figure A.7 - Conversion of a High-Molecular Weight Lignin Fragment to a
Functionalized Macromonomer

Building from these diagrams, an initial list of possible lignin transformation
technologies was developed (Figure A.8). These technologies were based on
a review of literature conversions for lignin, and their potential application in
biorefinery operations, and helped to identify the most important
technologies for the final listing of opportunities materials.
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Figure A.8 - Brief Summary of Catalytic Lignhin Transformations

In addition to evaluating conversions of new biorefinery lignin sources, an
initial evaluation of conversion processes applicable to existing commercial
lignin sources, such as lignosulfonates, was carried out (Figure A.9). Given
lignosulfonate’s central position within known lignin products, many of the
markets shown in Figure A.9 were expansions of current uses; others
represented new uses that would require further modification of the
lignosulfonate polymer or alterations in lignin molecular weight. Both
lignosulfonate and kraft lignin were found to offer potential utility in the
chemical market, as summarized in Figure A.10.

46



Enzyme stabilization

Wood preservation Pharmacuetical
(replacement for chromated applications
copper arsenate) / (antiviral agents)

Rezﬁngggee:i)ds — - Nutracuetical

applications

\ Biocide Neutralization

Specialty chelants

(sequestering through /

sulfonate groups) Enhanced oil recovery and

profile control
mining aids (ore floatation and

oxidation for sulfided and
carbonaceous ores)

Figure A.9 - Potential New Products from Lignosulfonates

Mixed organic acids / BTX type liquid )
aromatic acids fuels Copolymers with
HMF
Aromatic rich (high strngth & heat
pyrolysis oils \\ /4 resistance)

Copolymers in

Mixed phenolics polyesters

block co-polymers

Mixed benzylic
aldehydes

Various quinines / \

Low cost fillers

thermoplastic
elastomers

polyurethanes and heat
resistant polyurethanes

Carbon fibers and Macromonomers
carbon composites

Figure A.10 — New Product Opportunities from Lignins

As described in Section 5 of the report, this initial evaluation provided a very
large number of potential lignin products and a group of associated
conversion technologies. These materials were downselected to the most
promising group of candidates. These remaining candidates were evaluated
for inclusion in the top opportunities list based on a number of criteria.
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Appendix 3 - An Overview of Lignin’s Structure

Lignin is a natural amorphous polymer made up of substituted aromatic
structures. At the highest level, two types of lignin are recognized: 1) native
lignin, which is lignin as it is present in biomass, and 2) technical lignin,
which is lignin isolated from biomass through various processes. Several
lignin review articles detail various areas of lignin structure, both native and
technical.?* The following overview will illustrate how lignin’s structure leads
to processing challenges. These challenges differ significantly from those
presented by more homogeneous feedstocks such as sugars.

Lignin is considered the essential natural glue that holds all plants together.
More specifically, lignin is a natural amorphous polymer made up of randomly
branched and crosslinked aromatic units. Through crosslinking with cellulose
carbohydrates, lignin confers strength, rigidity and flexibility as well as aiding
in water transport and imparting a measure of protection against attack by
marauding insects and microorganisms. Many structures have been proposed
for lignin as it is found in nature (so-called “native” lignin). Any of these
structures are approximations at best since lignin’s structure is not identical
for all varieties of plants. In addition, methods used for lignin extraction and
isolation frequently modify its native structure.?? The composition, molecular
weight and even the amount of lignin available also differ by plant source.
Generally, the abundance of lignin in biomass decreases in order from
softwoods > hardwoods > grasses (Table A.2).

Table A.2 — Percent Lignin in Various Biomass Sources

Softwoods: 27 - 33
Hardwoods: 18 - 25
Grasses 17 — 24

Regardless of its complexity, lignin’s unifying structural feature is a branched
and crosslinked network of C9 phenylpropenyl units. Biosynthetically, these
C9 units are provided by the enzymatic dehydrogenative polymerization of
coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. Coniferyl and sinapyl

21 Glasser, W. G., Northey, R.A.; Schultz, T. P. eds. Lignin: Historical, Biological and Materials Perspectives, ACS Symposium
Series 742, American Chemical Society, Washington, DC, 1999; Johnson, D. K. Lignin, a Source of BioEthanol Co-Products; Aden,
A; Lignocellulosic Biomass to Ethanol Process Design and Economics Utilizing Co-Current Dilute Acid Prehydrolysis and Enzymatic
Hydrolysis for Corn Stover, Report June 2002. NREL/TP-510-32438; Glasser, W. G.; Sarkanen, S. eds. Lignin Properties and
Materials; ACS Symposium Series 397, American Chemical Society, Washington, DC, 1988.

22 MccCarthy, J. L. Islam, A. in Lignin: Historical, Biological and Materials Perspectives, Glasser, W. G., Northey, R.A.; Schultz, T. P.
eds. ACS Symposium Series 742, American Chemical Society, Washington, DC, 1999, chapter 1.
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alcohol are the starting points for the formation of the well-known guaiacyl
and syringyl structures of lignin (Figure A.11).

phenol units Guaiacol units Syringol units
OH OH OH OH OH OH
OH OCHjg OCHj3 H5CO OCHjg
G 5 5 g g
HO HO” o HO” N0 HO HO” 0 HO
Coumaryl alcohol ~ Coumaric acid Hydroxycinnamic acid Coniferyl alcohol Ferulic acid Sinapyl alcohol

Figure A.11 - Types of C9 Units Found in Lignin

The relative proportion of these units depends on the lignin source (Table
A.3). Softwoods are made up of guaiacyl units, whereas hardwoods contain
both guaiacyl and syringyl units. Grasses additionally contain a variety of
acidic guaiacyl units attached as esters and exhibit further substitution of p-
coumaryl alcohols with p-coumaric, hydroxycinnamic, and ferulic acids.
Softwood lignin is generally higher in molecular weight than hardwood lignin.

Table A.3 - Lignin Composition by Source

Primarily derived from coniferyl alcohol (90%) with the
Softwoods : . .

remainder derived from p-coumaryl and sinapyl alcohols.
Hardwoods Approximately equally derived from coniferyl and sinapyl

alcohols.

Primarily derived from coniferyl and sinapyl alcohols with 10
Grasses

— 20% p-coumaryl alcohol.

Several common inter-unit linkages are found in native lignin upon
biosynthetic polymerization of the various C9 units.?®* Some of the most
important linkages found in lignin are shown in Figure A.12, along with their
common designation. Table A.4 summarizes the relative proportion of some
of these units as a function of source. The primary inter-unit linkage in native
lignin is the B-0O-4 linkage. This connectivity is thought to make up to 58% of
the linkages present.

Trifunctionally linked units also provide numerous branching sites and ring
units. Figure A.13 illustrates a hypothetical structure for a native softwood
lignin based on estimates of the proportions of these substructural units.

23 Sakakibari, A. Wood Sci. Technol. 1980, 14, 89.
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It is important to recognize that native lignin undergoes profound structural
changes and dramatic modification of molecular weight profiles depending on
the isolation technology employed. Table A.5 exemplifies the physical
property diversity for three technical lignin families.

HO O/‘IzﬁL

N OCH,

oo ) >
H,CO -
O}fg

B-5

0-0-4, B-0-5 (---)

Figure A.12 - Primary Inter-unit Linkages in Native Lignin
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Figure A.13 - Structural motifs of softwood lignin (adapted from??)

Table A.4 - Typical Distribution of Substructural Units in Lignin®*

Poplar wood 57.8 2.1 2.1 1.8 0.7 0.7
Spruce wood 31.5 2.1 0.4 25 0.5 2.7
Pine kraft lignin 11.3 1.9 0.3 1.2 0.2 0.6
Birch kraft lignin 15.4 47.0 24.5 6.8 3.4 2.5
Qigﬁ)réiéeﬁ‘;ﬂn 25.9 17.0 37.8 12.6 4.5 2.2

24 Lapierre, C., Pollet, B., Monties, B. Proceedings, 8th International Symposium on Wood and Pulping Chemistry, Helsinki,
Finland, 1995 (1) 131.
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Table A.5 - Properties of Lignin by Extraction Technique?®

Insoluble in organics

cellosolve

Molecular 20,000 - 50,000 2,000 - 3,000 < 1,000
weight
Empirical CoHg.505.1S0.1(OCH
fornF;ula* CoHz.502.5(0CH3)0.65(SOsH)0.4 (éozli)ozzl ol 3o CoHg 5302.45(0CH3)1.04
Ave.
monomer MW 215 — 254 180 188
Polydispersity | 6 — 8 2-4 24-6.4
Sulfonate 1.25-2.5 0 0
(mea/g)
Organic
sulfur (%) 4-8 1-15 0
Color Brown Brown Brown
. . Soluble in alkali (pH Insoluble in water
Solubility Soublel in H,0 (all pH's) >10.5), DMF, methyl | soluble in alkali and

many organics

* Empirical formula estimated for softwood lignin

25 Lebo, S. E. Jr., Gargulak, J. D., McNally, T. J. Kirk-Othmer Encyclopedia of Chemical Technology, 4th Edition [Online]. John

Wiley & Sons, Inc. 2001.
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Appendix 4 - Potential Sources of Biorefinery
Lignin

One of the biorefinery-level challenges for lignin is the choice of the lignin
separation/isolation process to be employed. The following examples
demonstrate the diversity of lignin sources that could reasonably be
incorporated into the biorefinery along with their possible advantages and
disadvantages. It is most likely that only a few will offer the kinds of
flexibility necessary to serve as a feedstock. The following descriptions are
not listed in an order of priority since each possesses a unique range of
advantages and disadvantages. A biorefinery’s choice will hinge on many

factors including product output profile, accessibility to feedstock, business
model, and type of feedstocks in the vicinity of the refinery.

Kraft Lignin

Kraft pulping is the dominant chemical pulping process in the world. The
process is conducted at high pH in the presence of substantial amounts of
aqueous sulfide, sulfhydryl and polysulfide and at temperatures in the range
of 150-180 °C for around two hours. The chemistry of pulping reactions has
been the subject of much study, and good summaries are available in the
literature.?®

The majority of the solubilized lignin is captured in the spent pulping liquor
(“black liquor™) along with most of the wood’s hemicellulose. The lignin
contained in black liquor serves as a fuel for much of the operation of a
typical kraft mill. Black liquor is normally concentrated via multiple effect
evaporators to 40-50% solids and then burned for its heating value (about
12,000 to 13,000 Btu/dry Ib). The heat released is used for steam and power
generation. Some of the heat released and part of the reducing value in black
liquor is used to drive the mill’s chemical recovery operation. This results in
nearly all of the sulfur and caustic value being recycled to the process. Lignin
is an important fuel for paper and pulp manufacturers as it contributes
heavily to a pulp mill’s energy self-sufficiency.

In a forest biorefinery, kraft lignin may be recovered from the black liquor by
lowering the pH. Typically, this is done with carbon dioxide captured from the
boiler’s flue stack or with mineral acids. On lowering the pH, a substantial
portion of the kraft lignin is precipitated and may be recovered by filtering
and washing. Given the high-sulfur environment of kraft pulping, the sulfur
content of precipitated and washed kraft lignin is surprisingly quite low,
typically less than 1-2% which is consistent with the number of —SH linkages
created during the kraft pulping process. Moreover, it can be almost free of
sugars.

26 Nimz, H. H. Ullmann’s Encyclopedia of Industrial Technology, Wiley-VCH Verlag GmbH&Co. KGaA.
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The availability of kraft lignin may be limited since MeadWestvaco is currently
the only domestic producer at their Charleston, South Carolina operation.
Approximately 70-75% of their isolated lignin is chemically sulfonated using
one of two processes. In the first, kraft lignin is treated at about 100 °C with
a mixture of chemicals typically used in sulfite pulping (aqueous sulfur
dioxide, bisulfite and monosulfite at pH 2-12). This process introduces
sulfonate functionality into the aliphatic side chains of lignin giving a material
structurally related to sulfite lignin. At higher temperatures (150-200 ©C),
sulfonation will also occur on the aromatic rings. The sulfonated lignin is
recovered by water removal or by precipitation with excess lime as calcium
lignosulfonates. Sulfonylation at aliphatic, benzylic or aromatic sites confers
solubility and surfactant qualities to the lignin. A second process uses acid
induced hydroxymethylation of lignin’s aromatic rings moieties with
formaldehyde, again followed by treatment with sulfite pulping chemicals.
Below 100 ©C, sulfonate groups are formed at the hydroxymethyl site by
nucleophilic substitution of OH with sulfonic acid groups. Above 100 °C,
aromatic ring sulfonylation begins to occur.

The degree of sulfonation can be controlled so that products similar to or
significantly different than sulfite mill-derived product can be manufactured.
Since the lignin depolymerization and solubilization chemistries of kraft and
sulfite pulping are somewhat different, the chemical properties and reactivity
of sulfonated kraft lignin is slightly different than sulfite derived
lignosulfonate. However, the physical, solubility and dispersant properties of
the two types can be similar. Generally, the objective of sulfonylation of kraft
lignin is to make a product that is essentially equivalent to sulfite mill-derived
lignosulfonate and can effectively replace it in applications.

An estimated 25-30% of MeadWestvaco’s total recovered kraft lignin is sold
without further chemical modification. This unsulfonated kraft lignin is soluble
in alkali at pH greater than about nine and reasonably soluble in strongly
polar organic solvents. Its number average molecular weight (M,) is
generally between 1000 and 3000, but exhibits a polydispersity typically
between 2 and 4 although it can be as high as to 8 or 9. Such values of
polydispersity are typical of industrial grade polymeric materials.
Polydispersity and functional group analysis suggests the average monomer
molecular weight is around 180. A “molecular formula” of
CoHg.502.1S0.1(OCH3)0.8(CO2H)o.> has been reported for softwood kraft, and a
model structure for kraft lignin has been reported (Figure A.14). Nearly 4%
by weight is typically free phenolic hydroxyl.*’

27 Lebo, S.E. et al, Lignin, Kirk-Othmer Encyclopedia of Chemical Technology, p. 18 of on-line version, (2001), John
Wiley & Sons, Inc.
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Figure A.14 - Model Structure for Kraft Pine Lignin (from ref %%)

Kraft pulping of wood is potentially the source of the largest amount of lignin
for the biorefinery. Moreover, the pulp and paper industry has a highly
efficient infrastructure for growth, harvesting, transport, and processing of
forest materials. However, the kraft process is not likely to serve as a
reasonable source of lignin raw material for biorefinery operations. Kraft
operations are highly integrated and depend on the lignin fraction from wood
as a fuel to operate the incredibly expensive chemical recovery boilers that
are the heart of their operation. Diverting this fuel source to other uses
would require the pulping operation to supplement its energy needs by
purchasing natural gas or coal, potentially upsetting the mill’s economics.
Alternatively, energy losses could be mediated by using forest residues.

Nonetheless, opportunities exist for kraft lignin if the pulp and paper industry
transitions to black liquor gasification. In that scenario, the industry could
continue to generate the power they need, but because of the higher
efficiency of gas turbines, could also produce a separate syngas stream for
the production of higher-value products. Historically, evolution within the
pulp and paper industry has been slow. Mill managers do not generally
exercise options such as these. Thus, tapping into a kraft lignin stream to
find a source of renewable carbon for the biorefinery could be difficult. Even
MeadWestvaco is isolating only a small portion of the lignin available in their
plant. Their lignin facility is part of a 692 x 10° tonne/yr pulping operation
and produces about 20 x 10* tonnes/yr of lignosulfonate, which is only about
5.8% of the total lignin available in the mill.*®

28 Gargulak, J. D., Lebo, S. E. in Lignin: Historical, Biological and Material Perspectives; Glasser, W. G., Northey, R. A., Schultz, T.
P., Eds., ACS Symposium Series 740; American Chemical Society: Washington, DC, 1999; pp. 304-320.
29 Calculated as follows:

692x103 tonnes/yr pulp = approx. 1384x103 tonnes/yr wood feedstock

1384x103 wood feedstock = 346x103 tonnes lignin/yr (assuming 25% lignin in feedstock)

20x103 tonnes lignosulfonate/346x103 tonnes lignin/yr = 5.5% of lignin converted to lignosulfonate

Source: Chemical Economics Handbook “Lignosulfonates”.
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Sulfite Lignin (Lignosulfonates)

The sulfite pulping process is a potential source of forest biorefinery lignin
because in contrast to kraft pulping, sulfite pulping generally does not
recover pulping chemicals making a lignin-rich black liquor stream available
for conversion to chemicals. Because of the nature of the sulfite process, the
isolated lignin contains considerable sulfur in the form of sulfonate groups
present in the aliphatic side chains. In North America, Lignotech produces
about 120 x 10° tonnes/yr of lignosulfonate by purchasing sulfite liquors from
nearby mills.** Worldwide, about 1060 x 10° tonnes of lignosulfonates are
produced annually, again primarily from sulfite black liquor. The chemistry of
sulfite pulping has been a subject of much study, and good summaries can
be found in the literature.®* Commercial sulfite pulping pre-dates the kraft
process but has largely been replaced by kraft pulping due to the stronger
fiber produced by the latter.

Sulfite pulping is carried out between pH 2-12, depending on the cationic
composition of the pulping liquor. Most sulfite processes are acidic and use
calcium and/or magnesium as the counterion. Higher pH