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Overview

e Future directions of transportation fuel needs

e Conversion options and initial assessment of
potentials

e Barrier areas and research needs
e Path forward
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EISA Mandated Biofuel Production Targets

15 BGY cap on conventional (starch) biofuel

Renewable Fuel Standard 5 i L ' = f i

1 Conventional (Starch) Biofuel

B Biomass-based diesel 2015 i \ i
M Cellulosic Biofuels ; ; ; g Advanced Biofuels
. § § § § (include cellulosic biofuels other
[] Other Advanced Biofuels ' ' m than starch-based ethanol)
2012 i s : i

0 5 10 15 20 25 30 35 40

Production Targets (Billions of Gallons)

EISA defines Cellulosic Biofuel as “renewable fuel derived from any cellulose, hemicellulose, or lignin that is derived
from renewable biomass and that has lifecycle greenhouse gas emissions...that are at least 60 percent less than
baseline lifecycle greenhouse gas emissions.” The EPA interprets this to include cellulosic-based diesel fuel.

EISA defines Advanced Biofuel as “renewable fuel, other than ethanol derived from corn starch, that has lifecycle
greenhouse gas emissions...that are at least 50 percent less than baseline lifecycle greenhouse gas emissions.”
This includes biomass-based diesel, cellulosic biofuels, and other advanced fuels such as sugarcane-based ethanol.
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QNABC .
’%Naﬁona. avanced _U.S. Transportation Fuel Needs

Biofuels Consortium

~ Gasoline (cars & trucks) 2008 | 2030
i Motor gasoline | 137 | 126
Diesel 43 | 71
Jet fuel 23 30
Diesel (on-road, rail
Ie&"qe roas, 1l ) Products in a Barrel of Crude (gal)

- L -
g
-

43 bgy

Other Distillates

(heating oil) - 1.38\

Heavy Fuel Oil

(Residual) - 1.68 \

Liquefied
Petroleum Gases”" %
(LPG) - 1.72 '

Source: Energy Information Agency
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Long-Term Role of Ethanol

Ultimate ethanol market - 20 -25 BGY
*EPA has approved E15 as substantially similar to gasoline

*E85 sales gaining slightly —still very small as overall percentage

*E20 future uncertain — EPA will most likely take a wait and see posture on results of
E15

*Strong sentiment that VETC will not be renewed beyond 2011
* Impact on ethanol production volumes uncertain

Ethanol Production

NREL/TP-54043543
ORNL/TM-2008/117

Corn T
.20 10 p rOd u Ctl O n - 1 3 ° 2 BGY Effects of Intermediate Ethanol Blends
on Legacy Vehicles and Small
® Nameplate - 13,5 BGY Non-Road Engines, Report 1
* Construction/Expansion — 0.5 BGY october 208
* Total—14.0 BGY i,

nnnnnnnn

Lignocellulosic

*Currently being piloted by a number of organizations- e

DuPont, Poet, Abengoa
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9% NﬁBgdd Advanced Biofuel Conversion Routes
>/ % Biofuels Consortium .
s Catalytic-
Conversion

Gasoline
Sugar \ / ? Diesel

| . N et
Fermentation with
engineered microbes

L o

Dry Organic — - N
Material : :
Pyrolysis/ , Hydrotreating Algae growth
Liquefaction & Upgrading & oil harvest
Refinery
Methanol N | =
Syngas \Synthess/ Gasoline
gasification >  Diesel
Fischer-Tropsch _

Synthesis

N o
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National Advanced Biofuels Consortium

Project Objective — Develop cost-effective technologies that supplement
petroleum-derived fuels with advanced “drop-in” biofuels that are
compatible with today’s transportation infrastructure and are
produced in a sustainable manner.

ARRA Funded: - 3 year effort
- DOE Funding $35.0M
- Cost Share  $15.1M
Total $50.1M

Consortium Leads
National Renewable Energy Laboratory
Pacific Northwest National Laboratory

Consortium Partners

Albemarle Corporation Los Alamos National Laboratory
Amyris Biotechnologies Pall Corporation

Argonne National Laboratory RTI International

BP Products North America Inc. Tesoro Companies Inc.
Catchlight Energy, LLC University of California, Davis
Colorado School of Mines UOP, LLC

lowa State University Virent Energy Systems

Washington State University
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Converting
biomass into
infrastructure-
compatible
materials

NABC Research Focus

ABC matrix of technology and strategy teams will ensure
development of complete integrated processes.

Process Strategies

RN A i I Cross-Cutting Technologies

}

| i Feedstock Logistics ]
| | | | | \
| g \ Pretreatment ]
o S | | ] |
ol | Al | = B ad i
J%': Il Separations ]
o = = S
- BHZEH %8s
E . § i = 2 £ < Catalyst Development/Upgrading )
st sHedsHesH%
§, :'? = §, =3 = Pyrolysis Modeling
S| o8| S| sM.| S| S
TsHe HEHE2EHzH & H
v . =
S ] S 3 i) = Engineering and Economic Analysis
Sl zl. 8 2
) Y | S | ]
tEHSH " H H=EF
= = Sustainability Analysis j
;7 N Nan Enn EEp B
] i‘-ul | - - L
i S i Refinery Integration ]

NABC: Fer open distribution
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Refinery Integration

Finished

: Research GEINESEEL Al Research
Biomass Int diat Fuels and
Areas i s Blendstocks
Insertion Point 2
InSertioN| s semrarmar il 2 Insertion Point 3
; ' ST TR &
ROINE] /1: S ‘ Gas Reform
; % ‘g LNaptha FCC ; ..p.r.qp.-.{r.‘.f':]..e.l.s.‘ an
RS- H Naptha . i Gasoline | Tank Farm|
—» | £5 | L60 > | Alky/Poly > Diesel | Pipeline Terminal
Crude ' | & g VGO .| JetFuel ! e
o L .
oil S HT/HC I T SR ;
g S Atm. Res. :
A Vac. Res. Coker

— - E
Existing Refinery Infrastructure

NABC: For open distribution

* Three possible insertion points
* Develop new technologies that use today’s infrastructure
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RNABC . .
%% Down-selection matrix

Biofuels Consortium

CLS

FLS

CFP
HYP
HTL
S2D

Evaluation Results will be ranked as follows:

B o+ s
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Down-select Results

Strategies moving into Stage Il
— Catalysis of Lignocellulosic Sugars
— Fermentation of Lignocellulosic Sugars

Strategies missing key data that will be given a three month extension
— Hydrothermal Liquefaction

* Need to address pumping, reactor design /cost issues and scalability
issues.

— Catalytic Fast Pyrolysis
* Need to verify consistent results and address data quality concerns
Strategies not moving into Stage Il
— Syngas to Distillates
* Need more R&D on proof of concept
— Hydropyrolysis
* Unable to generate data that can be replicated
e Sufficient data to address feasibility not generated
e High hydrogen use
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Thermodynamics and kinetics of biomass conversion

Biochemical conversion A Polysaccharides and lignin

105 -
Hydrocarbons

104 -

Ethanol

2 -
10 Pyrolysis

101 -

Residence time (s)
Free energy

Gasification
1 1 1 1 |

10—1 -

CO, H,

200 400 600 800 1000 Process coordinate
Temperature (°C)
Energy Regimes

Y

High

e QGasification -Syngas

Intermediate

* Fast Pyrolysis, Catalytic Fast Pyrolysis, Hydropyrolysis —complex mixture
* Liquefaction- agueous — mono-oxygenates, organic -polyphenolics

Low

e Sugars —Carbohydrate

e ??-Lignin

NATIONAL RENEWABLE ENERGY LABORATORY



High Energy Route - Gasification

O Technology fairly well developed
O Classes of gasifiers

UAir Blown Gasification (updraft or downdraft)
— low cost and thermally efficient, product gas
not well suited for fuel synthesis — high N,
content

Windirect Gasification — good thermal efficiency,
syngas not diluted with N, — product gas
relatively high in tars

UDirect Gasification — Good product gas, lower
in tars, - high cost of O,, lower thermal efficiency,
syngas high in CO,

Entrained Flow Gasification — Excellent
product gas, essentially no tars — high cost of O,,
low thermal efficiency, higher capital cost
because of increased complexity
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Gasification Route to Hydrocarbon Fuel

Feedstock HC Fuel
Interface
Gas Cleanup Heat
Gasification & > Fuel Synthesis = &
Conditioning Power
Separations
Recycle
Selectivity

I Partial Oxidation

! _ I Particulate removal
Pressurized Oxygen sl
I Indirect/Steam . SatNay CCI € ?rm”?g
N, mitigation
F Co, removal
I H,/CO adjustment
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Challenge - Fuel Synthesis is Process/Capital Intensive

Simplify process as shown
Results did not meet targets

G
BASE CASE F“eT' as
' Methanol . DME Multiple Product | = -°°
Syngas ~ o thesis | | Reactor | | M6 — Separation
2 ;| Reactors | | >°P s Gasoline
Water
IMPROVED CASE FU?GaS
[ Combined | | Broduct NS PG
Syngas —  Synthesis > o ..
\__Reactors Sparation — Gasoline
Water
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%NABC Intermediate Energy Route - Fast
A s rs: Pyrolysis

Process:
— 500 °C atm, dry, finely divided, < 1 sec
SYROLYEIS — Inert atmosphere
OlL — Non-catalytic
Product:
— Medium Btu oil (8,000 Btu/Ib)
— High water content and acidity
— Not miscible with hydrocarbons
— Low thermal stability
; Biomass Material Yield (wt%) Gross Caloric Value (MJ/kg) Higher Heating Value (Btu/lb)
B IO M AS
Hardwood 70-75 17.2-19.1 7,400 - 8,000
Softwood 70-80 17.0-186 7,300 - 8,000
Hardwood Bark 60-65 16.7-20.2 7,180 - 8,680
Softwood Bark 55-65 16.7-19.8 7,180 - 8,500
http://www.envergenttech.com/index.php Corn Fiber 65-75 17.6-202 7,570 - 8,680
Bagasse 70-75 18.9-19.1 8,100 - 8,200
Waste Paper 60-80 17.0-17.2 7,300-7,400
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Fast pyrolysis oil is converted to fuels
in a 2-step process

Hydroprocessed Bio-oil (from Mixed Petroleum

light Wood) Gasoline
H duct
2 S products Min Max Typical
Paraffin, wt% 5.2 9.5 44.2
PYROLYSIS .
oIl — medium _
Iso-Paraffin, wt% 16.7 | 249
products
__J Olefin, wt% 0.6 0.9 4.1
H,O
2 aqueous | heavy Naphthene, wt% 39.6 | 55.0 6.9
byproduct products
Aromatic, wt% 9.9 34.6 37.7
Oxygenate, wt% 0.8
The product carbon recovery based on biomass was about

35%

Process is capital intensive

Logistics issue since pyrolysis oil is highly corrosive and
unstable

Process may not be scalable or replicable for large volume
fuel production

Holmgren, J. et al. NPRA national meeting, San Diego, March 2008.
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Catalytic Fast Pyrolysis

Flue Gas Steam Fuel Gas Gasoline

t

Regenerator Reactor Main Column
Fuel Gas to -_— o =P
. Ov%rllljead \ll:ilpo:ls Treating
0 and Unstablized
Flue Gas System Gasoline F Gas Wastewater
Concentration
Unit
Debutanized
Gasoline
to Treating
Main Column
Air Fresh Feed Bottoms Product >
Heavy Fuel Oil
BFW Air Biomass
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NABC

CFP/HYP Catalyst Impact

National Advanced

Biofuels Consortium

Standard Fast Pyrolysis
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Hydropyrolysis

Process Conditions

T =375 and 400°C; P,,=42.9 psig

(14.4%) at 300 psig
Ch

In the absence of a catalyst, hydrogen ygopyroysis g1 Hydroconversion —
partial pressure has no affect on > —
biomass pyrolysis Gas H,

: L : Biomass
Catalyst has significant impact on > L [
liquid product composition

H,
High water content indicates
significant hydrodeoxygenation

Time and resources did not allow
an optimization of the results
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New methods to characterize pyrolysis intermediates

Hyvperthermal nozzle

eCompounds rapidly heated and Hyperthormal Nozzle:

q uenched adiabatical |y 1 mm SiC tube (resistively heated)
up to 1400 °C

*Enables direct measurement of | P4sed g2

<100 us residence time

ra d iC 3 | S an d | nterme d ia tes adiabatic expansion quenches reactions

*Results can be directly model \
. oompounds\
compared to QM calculations by -

-Bond dissociation energies

-Transition states

-Vibrational frequencies

Photoionization: Matrix isolation FTIR spectroscopy

eMeasure products with TOF-MS N 250 358 o (REMP)
or MIS

Jarvis et al., J. Phys. Chem. A, 115, 2011
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RealiStic Linkages Activation Energies (DFT)

kcal mol?

retro-ene 55 concerted

or i: hic—0 Maccoll 63 elimination

CH 3 .
’ 0 e radical

C-C 77 mechanism
retro-ene 50
H,COH ! Maccoll 64
CH, C-0 72

' L, HOC—CH—CHOH |

" I §

s HOCH, O ©

OCH,
O L o c-C 77

T (?\ retro-ene 50

[ 0 ocH,
e H,COH Maccoll 66

0
HCOH Grobe 63
Cc-0 72
C-C 77
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Concerted elimination dominates radical
h .

Rate Constants from Quantum Mechanics
CBS-QB3
Consistent with Experimental Measurements

Concerted Elimination

0 %‘Cflﬂkg }@‘3 o 10°-

SaaeEeand Neronl

k/s"

—— retro-ene
—— Maccoll

/" Radical Reactions

SARoJo NG *i — CC homaber
0 . 5 _ |
g0 g, R . .
400 600 800

o
Jarvis et al., J. Phys. Chem. A 2011, 115 (4), 428-438. temp /°C
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Concerted Elimination

Maccoll Reaction: Concerted Elimination

oo okoron

C-O Homolytic Bond Scission
0ot
phenoxy radical
phenylethyl radical




Lignin pyrolysis microreactor

e Work from Brent Shanks (ISU) and Bob Baldwin (NREL)
e Pyrolysis with GC-MS analysis capabilities

Pyrolyzer

De-Jaye Gas

A
-.O,
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GC-MS for pyrolysis vapors

From Brent Shanks (ISU) and Bob Baldwin (NREL)
s

0.25 - @
e ZZ Z
0.2
= | = = R
Ty © Q\C.—.. # OCHy Z OCH HaCO .
3015 o oM oK o oM oK om
>
E
g S /
501 S
h Q
L
A\ 4
0.05 A S
<
O ) : 1
0 10 20 _ 30 40 50 60
l 1 time (minutes) ' ]
Low mol. wt. compounds Phenolic compounds
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GC-MS data for vapors and condensed products

e Work from Brent Shanks (ISU) and Bob Baldwin (NREL)
e Examination of pyrolysis vapor and condensate

k('ounl;: (o3
| GC-MS Analysis of Vapors S . 2 :
5 f . . f . . 2 § = 8 6
«{ from Micropyrolysis of Lignin 5 &£ ¢ s 5
o > & 9 0w
£ > % 2 3
4 [} £ 9 S [
I 3= W B S £
300 8 f n
: o |
- Monome r
E T A Lot
O;—L"“*—*——m—.\“m-.-;..M*JL.,-*U o oo | ¥ W S w*"JML’“'J JM‘WJ’J Pl >
kCounts;: H:
™1 GC-MS Analysis of Condensed Products _ :
1 from Micropyrolysis of Lignin Oligomers :
< -z
EI 400 _
. ‘
. | IJ ) Jodht
~ 41 )'M.LN-JA/- P -
| [ FUANE :
10043 - i LJhAJ\,A.,J}w*).JJ ul‘ MJJl\ ﬁf b utﬂJLW i :
1]0 :{] 3b Ab Sb mmutes;-




Question: Gas Phase or Condensed Phase?

Pyrolysis chemistry might be controlled by either:
» Primarily ionic reactions in the condensed phase

Aqueous  yaporization I condensation 1
chemistry

SolidBiomass == Liquified biomass =" Primary products. L

» Gas phase reactions of initially formed products (bond fissions, radical
reactions)

De-polymerization
melting

gas phase reactions

Primary Gas phase species == Secondary Gas phase species
izati condensation 1
De-polymerization I vaporization

SoidBlomass > acthated bomass. L

Successful modeling of biomass pyrolysis requires knowledge of which chemistry dominates
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Evidence suggests that condensed phase reactions more important in
pyrolysis of cellulose and Tignin

Experimental evidence by lowa State University:
* Change of carrier gas flow rate (varied residence times) by ~ factor of 3 does not

change the product distribution in lignin
* Levoglucosan (major product in cellulose pyrolysis) does not react at 500°C

on experimental time scale

Mechanistic evidence by Northwestern University:
* Reaction pathways for all major products observed in the lowa State cellulose

pyrolysis experiments
* Dominant reaction pathways are acid or OH catalyzed ionic reactions (e.g. retro-Aldol

reactions)
HC=0 H-C—OH H-C=0
H—C—OH Reverse aldol H—C—OH CHOH
HO-C—H reaction + Glycolaldehyde
. ] —— B
Example: H—GC-OH ——> ©O=¢~H 4>—Ho Oo=C—H
: H—-C-OH ™ L
H—?—OH H 1 o H Cl) OH
H2C—OH —¢e C-OH
D-gl ith reducing end CH20H EH
T 2
B-D-glucose with reducing en D-Erythrose

Q.E.D. & Free radical chemistry (typical for gas phase) not needed to explain primary
products of pyrolysis
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Viethodology to test importance or gas phase reactions
in pyrolysis of cellulose and lignin

Computational evidence from CSM:
v Approach: Calculate rate expressions of possible gas phase reactions and
determine whether they could be relevant at typical biomass pyrolysis conditions

Gaussian
(commercial Electronic Structure Calculations Methods: CBS-QB3
software) i Statistical Mechanics, HIR
— c-TST w/ Eckart Tunneling
Molecular Properti
olecu operties QRRK/MSC
[ “Cor” Thermodynamic Database
Thermodynamic Properties = ——
oo Group Additivity Database
In-house | 1
software Add to or Validate

TST Rate Expressions

[

Provide fit data

1 Add to or Validate

“Fall-Off” Parameters —

[
—

Provide test set

() OO 2 o ]
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Calculated rate constants for H,O formation via gas phase
reactions are too slow to contribute at 500°C.

Example: H,O formation via elimination from poly-functional alcohols

1.E+10 |

1.E+05 -

HOCC(OH)CH=0 —> H,0 + C=C(OH)CH=0

S \ HOCCCH=0 — H,0 + C=CCH=0
\ -

HOCCOH — H,0 + G~=COH

1.E+00 -
1.E-05 -
1.E-10 -

k [s-1]

1.E-15 -
1.E-20 A
1.E-25 -

1.E-30

0.5 1 500C 15 2 2.5 3
1000K/T

Calculated rate constants for molecular elimination of water from hydroxy aldehydes
(“sugars”) are so slow that they do not contribute even at gasification temperatures (1000K)
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Calculated rate constants for gas phase reactions of cellulose
fragments also too slow to form smaller oxygenates

o oH H HO
. . rDA-1 oH &
Example: Retro-Diels-Alder reaction: Ky — o > 7+ >_
OH OH OH H OH HO H

1.E+12

1.E+10 +

1.E+08

1.E+06 1

1.E+04 +

1.E+02 +

1.E+00 1

1.E-02 1

1.E-04 4

1.E-06 -

1.E-08 1

1.E-10

0.5 1 1.5 2 25 3

Calculated gas-phase rate constant much slower than that suggested by condensed phase
rate rule
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Slmilar Conclusions tor Lignin

Example: Decomposition of lignin model compound Phenethyl phenyl ether (PPE)

o0 -

1.E+04 -

1.E+02 -

1.E+00 -

1.E-02

k [s1]

1.E-04

(-~
S
©/ He?
oS

86@@

1.E-06 -

1.E-08

1.E-10

300 400 500 600 700 800 900 1000
T [°C]

Again, calculated rate expressions too slow to contribute on fast pyrolysis timescale
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Hydrothermal Liquefaction

Gas H,
Aqgueous Product 10.4% C
36% C N

Gas

Hydrocarbon
Product

48% C
HTL

Reactor

350°C
3000
PSIG

Separation
Hydrotreator
2000 psig
Separation

Aqueous
0.1% C

Basis:
100% C 2.8% C

»  Overall carbon yield to hydrotreated product is 50%
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Products and Issues

Hydrotreated Bio-Oil SimDis D2887 Results

100
90

80

70 — Note: corn stover HT test was
short (6 hr) catalyst likely in
60 [ breakin mode.

50
40

=—&— Hyd Trt Wood Bio-oil
= Hyd Trt CS Bio-oil

Hydrotreated Products

Mass % Recovered

30 .
=N~ QC Diesel
20
10
0 1 1 1 1 1 1 J
100 150 200 250 300 350 400 450

Boiling Point, °C

» ~30% gasoline and ~50% diesel range

Challenge: Pumping High
Suspended Solids Slurry to High
Pressure
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| NG\
NS A
L\
il

Pretreatment

-

Conditioning
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Low Energy Route

Enzyme
Production
Co-
Enzymatic fermentation Product
Hydrolysis of C5 & C6 " Recovery
Sugars
Catalytic /1\\
Conversion
of C5 & C6 Solis (Lignin)
Sugars Processing
(Burning)

One third of the capital

costs

M

Heat and Power




National Advanced

Biofuels Consortium d-i ese I_fu e I

@ NABC Modified yeast to produce
P2\ y p

N = AN

Farnesene

YEAST CELL

ISOPRENOID PATHWAY

SUGAR SOURCE Fuel

»
r 25 =
L R . @
DR ™Y _;‘T ’
OPRERE PINENE ANTI-MALARIAL
(JET FUEL) UG
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Virent Technology
Overview * VIRENT

Process
Heat
> <—
C-Cy
_— Alkanes
Lignin
Aromatics, Alkanes
| D
Lignocellulosic g ZSM-5 I m
Materials c \ C-Ce i
-g = Oxygenates
© qc) ==P| Hydrogenolysis
[
o E
Soluble S o Polysaccharides
Sugars ) -
& uy: g :::Zf;%ssugars Aqueous Phase s Base Catalyzed - HDO I >
© O . . Condensation I Alk
= Phenolics Reform|ng anes — o
O .
Starches——» @ Acids
H,
A 4 \ 4
Alkanes
==P| Hydrogenation =P Dehydration =P oli AIker'1e. I-’ SAIken.e F
SUgarAICOhOIS |gomer|zat|on aturation
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Can higher value be extracted from lignin via low energy approaches

Effect of pretreatment on lignin

. heat
native —- COA|ESCENCE  m—

> Tm lignins

N n .
. [ ®
l» L ] .

. . diffusion .
e mlgratlon extrusion

thermal expansion

oy cellulose

gnin/matrix

Donohoe et al., Biotech. Bioeng., 101, 2008

Lignin effects on enzyme activity

mmmm Pretreated w/ Lignin
£ZzZz3 Pretreated w/o Lignin

130 150 170 180

2

=]

=

C]

< 100

-

Q

=3

s

&80

o

=

=60 —
e

=

£

2404 —
>

g

S 201 —
&

s

E 0

2>

N

=

=

°\=

Pretreatment Temperature (°C)

Selig et al., Biotech. Prog., 23, 2007
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Pretreatment chemistry on lignin models

HO_ vy 5 1_Lignin ¢ HLSOL
B 4
HO_« o < . NHS
OMe + H20
OMe + Lime
Lignin”~

Sturgeon, Kim, et al., in progress

Lignin in genetically modified plants

Saar et al., Bioenergy Res., 3, 2010
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NABC

National Advanced

Biofuels Consortium

a) Density Functional Calculations of bond fragmentation in 65

distinct Lignin Model Compounds
b) 13C NMR of Lignin / 13CO,:

R
R R R j')v )
L }

p-0-4 _OA HCOH
a-0-4 ™
H,COH CH,
éH CH, H,COH
™ [ HCOH * HO <|:H
oo § éH H(|30—
‘|3H= CH,0 ] cHO
CH CH
HCOH CHO |
HOC—CH—CH,0H | OH  HC—(Qarbohydrate) "'z?OH OCH,
H(|3_° OCH HC——O
{ H,COH FQTOH Cro |
CH ? OCH —— CH
¢ ¢ CH,O L"f CH
O——cH p-0O-4
Hclz—o H<|; o cl';zH Hz(|3°H
c OCH; e CH HC—0
| | [ o ! 4-0-5
HOCH, OH HC o} CH HCOH
Hocle OCH,;
CHO
|3-5 H(.I‘, CHO H2(|:0H CH, |
- CH
Hzc\o_(l}, (¢} (|:H CHO Q |
o & HOC—:EH—CHZOH HC 95 CH
CHO HO(I:H Hocl:H Hz?OH
2
e @ _?H " OCH,
OCH
L © | *  CHO HOCH, HC— 4
|
O——CH HEOH  CO cho
CH.O HOCH, HC——CH ° H(I: (¢} C|IH2 OCH,
HC_ o —CH, HO (I:H H?—
o -5 H,COH HCOH
H(::OH CH,O
H,CO— © OCH;,
OH
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NABC Computed bond distances and respective bond dissociation
egergles (BDE) of the ether Imkages and carbon-carbon

National Advan
Biofuels Consolii

M06-2X/6-311++G(d,p) level

Bond Distances (A) BDE ZPE corrected Bond Distances (A) BDE ZPE corrected
(kcal/mol) (kcal/mol)

['E!- c-C c-C
(11 | 1531 1.431 75 66.38 e 1.541 65.29
1531 1.429 75.46 67.33 135 1.546 67.54
153 1427 75.71 64.61 1.541 68.83
1531 1.429 75.48 67.04 1.541 66.62
153 1429 75.58 67.1 1.54 68.59
1523 1.424 76.4 68.35 139 1.543 64.7
153 1.427 75.74 64.3 1.542 69.14
1536  1.432 79.09 56.54 1.541 68.87
1526  1.412 77.75 59.88 1.546 68.54
154  1.423 76.99 723 1.338 165.8
1524 1426 76.25 68.71 1.339 162.1
1524 1.425 80.07 55.96 1.546 67.83
113 1523 1.423 76.11 65.91 L46 1.541 68.53
i 1.525 1.425 79.75 55.75 _ c-C c-C
1537 1438 78.8 53.94
1523 1416 76.09 68.45 1518 91.59
1533 1.422 72.05 69.35 1.516 92.56
1525 141 78.13 59.64 1.517 93.33
1523 1.428 77.08 64.39 1.518 90.94
1522 1.429 77.73 62.24 L51 1518 86.27
1523 1.428 78.45 61.37 1.516 92.74
o-C o-C 1518 90.26

0-04 IO cc
1.428 50.24 1.461 1255
1.421 56.43 1.462 127.1
1.412 57.28 1.462 127.6
1.422 56.24 1.461 125.2
1.43 51.32 EN cC

127 1.428 4831 L58 1.484 117.3
1.421 56.34 1.485 1173
1432 50.62 1.484 117
1.429 48.45 1.488 118.4
1.427 48.89 1.485 117.5
4-05 | o-C o-C 1.485 114.9
1375 82.54 1.484 115.4

L33

-

L65




Low energy catalytic lignin deconstruction

Catalyst design for lignin deconstruction

- Computational/experimental approach

- Model lignin libraries

- Computational results for a known catalyst

Primary target linkage for lignin deconstruction

Bond dissociation energies (kcal/mol) _
Target linkage B-O-4

HO_ v 5 U Lignin
HOe NP 2
OMe

OMe

Lignin”~
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Computational and experimental approach for lignin deconstruction

( r N

Quantum calculations Rate measurements

- J
NMR, GCMS, LCMS

Model substrates

h ATIMNAIAL DEAMECIWM/IADI E CAEDA/AV I ADNADATANA Y



Catalytic routes under investigation

Reductive routes Oxidative routes

/—\ O’ H
H, source
o 3
O.4 2
H, sink S ‘
6
Nichols et al., JACS, 132, 2010 Ito et al., Nature, 350, 1991
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Methodology example: Application to a ruthenium catalyst

RUHQCO PPh3)3 (1 mol O/o HO
Ph-xantphos (1 mol %)
\O toluene
135°C, 4 h

Oxidation Reduction

2+
L,RuH, reductive elimination

L,Ru—H reductive elimination

0]
)J\/OAF \/ hydrogenation OAr

0
I Ru
S-hydrogen elimination « ﬁ O
Ar /l\/OA' Ar l
L, Ru )J\/OAr
oxidative addition C-0 actwatlon L RU

coordination

Nichols et al., JACS, 132, 2010
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Method validation against CBS-QB3 calculations for model compounds

79 - C .
scs-MP2 / \
74 1 /
69 -
= 64 1
o
3
% 59
.‘é’ ‘
':?3 41 CBS-QB3 /\
% / :
<
49 A PBE1PBE :
M .
B3LYP.
N \ / \
34 :
2b 2¢ 2d 2e
Substrate
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Proposed mechanistic cycle for Ru-xantphos catalyst

oxidative
C-O bond
addition

Ruthenium (II)

) ) . a-aryloxide

— ) | ) oliminatio

oxidative (o] P | \\ *, 14

addition ; F"‘z"{,R“ !{ P
N PhP H %

H, \
~ - -t - s
h ] ‘::Q‘. /4 [ ] subStrate
T T\ l A restart
o g o o ) reductive o = - PhP-c! ,
b - \\ i2e H — \\ : H- T’ \\\2 / —— \\ F) ;*I\/ : __¥> {/Ru — E;LGLWC
iz, ; limination i2+ U
PhaP-ry ™ Ph:P~Ru2+ , PhPr2s clmina PhoP~gii 2t PhP N
,o I () | Ri—H () H AN 0
PhP | PP’ .l X C/
T 0N )TN~ ( Ph,P PhoP | - _
) \r' X ’|~' \ N ‘] Ny )
QL > I n
Ruthenium (1) - - “'H Ruthenium (1)
- -3
| | =\ /=\ ¥
\(‘/ > D G\ 7
Y N Y N/
o 0 0 reductive 0 }u
- \\ i2e H — \\.- H,’n A W p Soductive \\ ]
Ph?t‘R’u:"' H 2N tht.ku__ ] ; Ph ZP‘RJi y elimination Bet

AR | AP I P4 H PhP~pif* 1
PhyP 0 PhyP - X Cys Ly
\__/‘ Y k{j PhP Ph,P

Ruthenium (1) - -
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Two potential pathways for aryl-ether cleavage

40.5(39.8)
=~ .
35.4 (32.7) 35.1(36.4)
' Pnoo:\—;} 2
[ p;)up/-
|\°\\R ,;f‘ \\ E “rl
PR s ! LA N
PP | P:,’.g}ig’ C
|
o\ J
Nz
\\""'{:Ap,,]'
‘—\
-15.1(-13.7) >,
2N
N
N
N o
N N2

NG
=== CO bond addition " —
-27.4(-27.4)
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Proposed mechanistic cycle for Ru-xantphos catalyst

= . t 7
oxidative (I ( l i
addition
I [ ] \\ 2+ |] \\\\ \ -
\\R | T | Ruz‘
u’ / Rue,
Ph PhP” | Php” |
{ppn, PPN, PP,
- - Ruthenium (I1)
~ -— : : |7
fy 1 | |
| I |l’ ) [l / ( .; |
Y ) =/ a-aryloxiso ) /
/ ) | .' g
S v 0, olim nabog 0 N I
oxidative O\\ o | \l \ /, S \\ y I N \ =N\
C_va \R st \ IP’RU Y " Ph pr\l Y N Ph;t’Ru ( ,111
additon | pp p- & R L )
AL PPN, Pn,p PhP H R

o . / o restart
reductive 0/~ catalytic
elimination 2+ U oycle

»"
PhoP~pi—H
C/

= 0. .
Ruthenium (1) Ruthenium (II)

J
- (2\ :2' o ': | ) 0 0 reductive

Ph,E.R';,:-"' N - +! elimination
S I Y p.

Ruthenium (I1)
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Full mechanistic cycle

250
— $
] \
/] \
] \
o, \
1% /. )
Ru' \
AP\’M, \‘
\ $
! \
I’ '
\
H H °
H
] \ I
! \ ""Jiﬁuzo'
II \ e
\
! \
! \
/ |
\
]
] “ 3.0
! \
! \
0.0 /, \
— “
\
\
| ‘\
o 1
. ‘\
0, .9 \
. ( P ]
g pPm

\
\

0,
\C ¢

\
AR
’
N\ G2

\
[
\ RS
N

W~

vt
—

-15.1

=ssmsmm CO bond addition

s (O-bound product

\

\ R
Y ‘P"VP‘R(A—H I’ !
\ \ph{pl ! H

I
\ \~13 7/

\ l

\ ]
\_’

-15.1

restart catalytic cycle




Effect of substrate on the catalytic cycle

X -

()

B ]
Ru \\%\OH
Ph,P PPh, Lo

o
O\ .'l‘) C
h Ru /|

Ph,P PPh,

()

Ruthenium (0

| N
MeO” \|7
0 OH
®) N
o~
Ph PBQPPh [ ©OH
2\/ 2 OMe
SG
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Dimers for computational and experimental screening

/
Me (_T/ OMe MeC Z MeC Z OMe MeO

O OH @) OH (@) OH (@) OH O OH
OMe OMe
0 @) = (@) O O
I P '
OH l OH OH OH OH
OMe OMe OMe OMe
HH SS SG GS GG
64.0
-©-M062X/6-31G(d)

- 62.0 1 “-M062X/6-311++G(d,p)/IM062X/6-31G(d)
o
E
3
£ \
E 60.0 1
©
£
z
w
c
°
E 58.0 1
o
° \
0
(]
2
o 56.0 1
m

54.0 v ¥ ¥ T

HH SS SG GS GG
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Full catalytic cycle for both substrates

restart catalytic cycle

ssssem CO bond addition

mmmmm (O-bound product

mmmmmm C-bound product
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Starting configurations of Ru-xantphos catalyst with 2 substrates

4 4

e >

: \(\OH

/s a0
PhoP" PPh Ph,P PPh
2‘ ’ 2 2‘ ) 2

0.0 (0.0)
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O-bound product for HH is more stable because Ru is 6-coordinated

N N i \
Ru2+ Ru...

---- - I
thP/ ;th O 2 PPh;

-15.1 (-13.7)
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No significant effect for the C-bound product

Y ®»
| o

=
o o} ~ 0 O _OH
N N
Nz | N 2+["/©
Ru™" Ru""'=
PhP” | \,”/ PhP” | o
PPh; © PPh; -

-27.4 (-27.4) -29.5 (-27.2)

NATIONAL RENEWABLE ENERGY LABORATORY AG(AH) kcal/mol, M062X/6-31G(d),LANL2DZ 5



Current work on catalyst design for lignin deconstruction

e Conducting computational and experimental work with new catalysts
e Screening of Ru-xantphos catalyst with 5 model dimers and lignin polymers

| \| /\ \ \
=
/ ILU/ OMe
<fOH (@) OfOH
0 l/\ AMe X o) | X
/ = /
OMe
HH GS
BnO 0 0.4 HO
1
(@]
' o)

(a) Pd/C, H,, EtOH, 0 °C (b) CuBr,, HBr, EtOAG, reflux (c) Cs,CO,, DMF, RT (d) NaBH,, MeOH, RT Kishimoto et al. Org. Biomol. Chem., 2006.

e Mechanistic cycles such as these provide insight

into:
- Ligand design and metal selection :
reverse-docking
- Electronic structure of transition states -/\Df ' Eq
e Combine transition states with HTP ligand Lﬂ:} Eq
. flexible rigid TS-model catalytic model
screening organocatalyst

e Challenges: designing methods for monitoring
catalytic activity on real lignin
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Looking forward on substrates

© MeMQ\SMe Me0/© MeCQ\DMe Me0/©
O OH (0] OH (0] OH o OH (0] OH
Model dimers 0 . e : e . .
OH OH OH OH OH
Me Me Me Me
HH SS SG GS GG
lEt !lEt l.Et ‘Et s
BnO 0.0 HO 0.0 HO. 0._0 0. 0.0 0.4 HO_Y
a b c d H 1 B
Model homopolymers o " o "o & |o B v I
[ ) | o | ) I o) ! OH

(a) Pd/C, H,, EtOH, 0 °C (b) CuBr,, HBr, EtOAG, reflux (c) Cs,CO,, DMF, RT (d) NaBH,, MeOH, RT
Kishimoto et al. Org. Biomol. Chem., 2006.

Model heteropolymers

reated lignins

Chen and Dixon, Nat. Biotech., 2007
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Conclusions and path forward

Significant potential for HC fuels from biomass
* Intermediate and low energy routes look the most promising
* Intermediate Energy Routes
— Catalytic Pyrolysis Routes

» Better understanding of underlying chemistry and
mechanisms

— Liquefaction Routes
» Significant engineering challenges
* Low Energy Routes
— Better value at lower capital costs for lignin
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