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Goal statement

Goal: Develop a lignin-first biorefining concept to fractionate lignin and polysaccharides
via Reductive Catalytic Fractionation (RCF)

Active stabilization method to cleave lignin C-O bonds and stabilize reaction products

Bench-scale demonstration of $2-3/gge modeled cost of biofuels and co-products

Alternative to polysaccharide-centric pretreatments

Collaboration with Yuriy Roman at MIT

Carbohydrate pulp
=

Ru/C Ru/C
Biofuels

Van den Bosch, Schutyser
Chemicals et al. Energy Env. Sci 2015

protolignin

hydrogenolysis :’>

ﬂ Paper
‘ .\ > =/ Filtration
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o evaporation ..
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mono- and dimers OH
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Catalytic upgrading ? ©
opportunities @ (oj"

Outcome: new catalytic fractionation process for lignin and polysaccharide valorization
* RCF is "catalytic funneling” to a few monomeric products

Relevance: process enables lignin valorization and biomass fractionation simultaneously



Quad chart overview

Timeline Barriers addressed
« Start date: October 2017 Ct-B Efficient preprocessing and pretreatment
* End date: September 2020 «  Developing new catalytic fractionation
 Percent complete: 50% process for integrated biomass conversion
— Ct-C Process development for conv. of lignin
Planned « Developing process to produce lignin
F(EQ?‘Q? monomers and valuable lignin oils
Project
End ] .
Date) Objective
DOE Demonstrate that RCF can be a viable
funded - - Henile | SilATs alternative to standard thermochemical
pretreatment and can produce upgradable,
Partners: high yielding streams from lignin and
BETO Projects: Lignin Utilization, Separations polysaccharides

Consortium, Performance-Advantaged Bioproducts
via Selective Biological and Chemical Conversion, .
Direct Catalytic Conversion of Cellulosics, Enzyme End of Prolect Goal

Engineering and Optimization

Universities: MIT (Yuriy Roman), UCSB, Imperial Develop a strategy that can enable < $3/gge

College London, KU Leuven, University of Stockholm, MFSP base_d ona Iignin'f_ir.St bioreﬁ_nery
Dalian Institute of Technology, EPFL, U. Groningen, U. concept using RCF, valorizing both lignin (60%
Stockholm

target) and polysaccharides
Other DOE projects: Center for Bioenergy Innovation
(CBI, ORNL)




Project overview

History: RCF originally developed in 1960s as an analytical method
* Recent resurgence as a valorization strategy
* Primarily conducted in batch systems

* Project started in FY18 ° » o OH .
Q ' reductive
O @ cleavage &

stabilization
o | o »  of p-O—4’
Context: Most fractionations condense lignin ‘?} linlgges
+ E.g., acid cleaves ethers and condenses lignin ) B O ° -

* RCF stabilizes C-O cleavage products %

« Retains polysaccharides

» Enables hardwoods in biochemical conversion monomers dimers
O OH

Goals: g .

« Develop an industrially relevant RCF process to meet $2-3/gge MFSP targets

« Transition RCF to flow with highly active, stable catalysts

» Separate RCF oil into monomer and oligomers streams

« Valorize oligomers and robust analytics for oil characterization
« Employ TEA to identify cost drivers



Management approach

Team assembled with expertise to enable lignin-first biorefining:
« Jake Kruger — Chemist, heterogeneous catalysis

» Nick Thornburg — Reaction engineer, modeling

« Brenna Black, Bill Michener - Analytical chemists, LC-MS/GC-MS

« MIT: Yuriy Roman — expert in catalysis, reaction engineering

Collaborations:

-’

Joint meetings with MIT every two weeks

Separations Consortium: fractionate lignin oil into monomers, oligomers

Enzyme Engineering/Optimization, Direct Cat. Conv. of Cellulosics for polysaccharide valorization
Leverage modeling developed in Consortium for Computational Physics and Chemistry

Work with RCF community towards best practices for analytics, mass balances

Dedicated project manager to track milestones and budget

4 Working with Biochemical Platform Analysis to conduct TEA and identify cost
drivers to focus R&D activities

Milestones: focus towards process improvements



Project interactions

CCPC T ChemCatBio N Performance-Advantaged Biopolymers
Lignin solvolysis supported Advanced characterization to | * Unsaturated RCF monomers can be

by first-principles modeling understand deactivation used as styrene replacements
to inform design criteria JIOLES Sl designW « RCF 5-5' dimers can be incorporated
J

/ catalysts into polycarbonates
ﬂ 7 Distillation
Lignin Extraction Catalytic

Solygefit Recycle LLE Q |

_o
HO' f’
_o
> — HO

monomers

and Solvolysis Hydrogenolysis

dimers
L
OH

oligomers

),

N

Mg/f} SepCon
> oH : Novel technology to improve efficiency

Carbohydrate and selectivity of RCF oil separations

Pulp

Direct Catalytic Conversion of
Cellulose

Residual carbohydrates can be
catalytically converted to fuels

Lignin Utilization
RCF oligomers can
be oxidized to
monomers or made
into bioproducts

Enzyme Engineering and
Optimization

Residual carbohydrates can be
enzymatically hydrolyzed to sugars




Technical approach

Aim 1: Develop RCF reactor/catalyst to Aim 2: Develop the RCF process for the integrated
produce high lignin monomer yields biorefinery aq. sugars  lignin monomers
. RCF oil T
3 /4 S
0 Reduction Limited Studies ; 3 | E— %)
© - Catalysts and Supports o > T [— %
SO B 7R — | — £5
« Temperature and Pressure % IN | H-0 I % E::
Solvent: Biomass o T F | B E
Methanol IS > "[ |—>_ E %
|S§[t)r:g:g:10| OH § z __ E &‘
T 1 oo
T —— _ °F
) [ g X B
Extraction - Temperature e Z
Solvolysis Limited 4 ' l T_ ether(s
simple — POLYSACCHARIDE lignin lignin dimers,
L alcohols VALORIZATION oligomers trimers,
Critical success factors: Stable catalysts, fast tetramers
reaction times, high lignin oil/monomer yields Critical success factors: Solvent minimization,
e . olysaccharide retention, oil separations,
Challenges: high lignin extraction, Poly . P
: ) oligomer valorization
polysaccharide retention
Challenges: monomer purity, solvent recycle
Approach: 9 punty y
« Flow systems to separate hardwood feedstock Approach:
and catalysts * Flow-around/continuous RCF reactors

» Biomass modeling and imaging for solvolysis » Separations of RCF oil via LLE/distillation

 Catalyst stability via advanced characterization + Polysaccharide and lignin oligomer valorization
Anderson, Stone et al., ACS SusChemEng 2017 via collaborations 7



Outline of technical accomplishments

Initial results on RCF

* RCF of corn stover

H, & CH,OH
H sPO, or C(H+)

* Initial flow-through demonstrations
Solvolysis &

H OH
Ea %O\
[eCal N Calod
hydrogenolysis o OH o OH o
200-250°C

20-38 wt% yield

Aim 2: Develop the RCF process for the
integrated biorefinery

* RCF oil separations

* Enzymatic hydrolysis of residual
polysaccharides

* Preliminary techno-economic analysis

Anderson et al., ACS SusChemEng 2016

Aim 1: Develop RCF reactor/catalyst to produce
high lignin monomer yields

« Separating solvolysis and catalysis
* Modeling solvolysis reactions

« Commissioning, initial runs on flow system

optimization SOIVOIySiS catalysis engineering
via multiscale time-on-stream

modeling ) stability
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Initial batch RCF runs on corn stover

Lignin monomer and oil yields Sugar retention after RCF
[ Cellulose [l Hemicellulose [ ] Aqueous Sugars
50 Observed Monomers 100 .
O OH OH 1
L 120 -0 O~ o< %0 -
< 40+ 80 -
: 90 g e .
ke 9% = OH oH ° 1
QD 30+ = ° c 60
> i ) g
g 60 2 *1
60 = T ]
g 20 ol e Ll
= ' - & J
E g oo 0o (%, 20
€ 104 30 - OH OH ]
2 o »]
10 -
1h 6h 1h 6h 1h 6h 1h 6h ° 0
200°C 200°C 200°C 250°C 1h 6h 1h 6h 1h 6h 1h 6h
Ni/C Ni/C (H+) Ni/C (H,PO,) Ni/C 200°C 200°C 200°C 250°C Corn

Ni/C Ni¥C (H+)  Ni/C (H,PO,) Ni/C stover

Tested RCF on corn stover as a function of co-catalyst, residence time, temperature

Achieved up to 38% monomer yield with acid co-catalysts

Ester and ether bond cleavage products in lignin oil

Outcome: Demonstrated high yields of aromatic monomers with excellent
polysaccharide retention and digestibility

Anderson et al., ACS SusChemEng 2016



Initial flow-through system to separate biomass and catalyst

= > products —=— Bed1 —e— Bed2
—A— Bed 3 —v— Bed 4

Hour 1
==== Hour 2

20 -
—— 3 Hour Batch

S
? 2
- S 16
>|: 14 4
Catalyst 212-
§10-
- E 8-
! g e
— © 1
= +—Hydrogen 3,
£ o
o B e m e e m e
0 3 6 9 12

- Time on Stream / h
| | P — 100 2 Anderson, Stone et al.,
o e % e ® — % E Joule 2017
1 2 sat. | un-sat. 80 2
= [ 3 80 o) o AA‘“ £ Anderson, Stone et al.,
. s /07 Sj ; 55/ e . § ACS SusChemEng 2018
lomass - [ =
Beds z 60 ’ " 0 3
O 50 - " . -50 ©
S e
ad Ll S 40 - eb'\' Q,ef’ Q,eé ebb‘ -40 &
4 2304 ® ¢ ka2
- . - o 3-
S 0 52010 -20 3
t' ... 4 = 10 = =10 §
[ 1 0 - =0 &D, I ||||||I'| LILLBLLLLL
- ’[ . 0 3 6 9 12 100 1000 10000
Methanol Time on Stream / h Molecular Weight / Da

» Batch RCF does not allow for detailed biomass or catalyst studies because they are mixed
 Led by Yuriy Roman at MIT, inspired by flowthrough pretreatment literature

« Outcome: Physical separation of biomass and catalyst — enables study of solvolysis
and catalyst activity/stability independently




Aim 1: Commissioning a new flow system

Hardwood Biomass

Rorrer et al.,
in preparation

Features Capabilities
» Reaction temperatures up to 300°C » Decoupled solvolysis and catalysis, across
» Nine independently-controlled heat zones many lignin upgrading strategies

— Supercritical alcoholysis
— Acid (co-)catalyzed fractionation
— Base (co-)catalyzed depolymerization

* Integrate multiple processing steps, e.g.
low-temperature in situ extractives recovery

Operating pressures up to 2000 psig
Biomass bedsupto 5 g

Gas flow rates up to 4000 sccm

Liquid flow rates up to 2 x 10 mL/min
Designed/interlocked for safe operation

Outcome: Flexible, flow-through catalytic lignin reactor system for RCF optimization

11




Initial RCF on hardwoods and polysaccharide digestions

Cumulative Monomer Yields in
Flowthrough RCF at 225°C

4-h Batch Yield =~

0 1 2 3 4 5
Time-on-Stream (h)

Cumulative Monomer Yields (wt%)
N
o

Enzymatic hydrolysis yields (testing at higher
solids loadings ongoing now)

~
o

Cumulative Yield (wt%)
s 8 8 &

o

a o
o O

Cumulative Product Distribution at
5 h Time-on-Stream at 225°C

; PG \)/C[o/
E HO O/
5 P(OH)S )/@EOH
PS °

Monomers Dimers +
Oligomers

mPS mP(OH)S BPG @mOthers

Glucan Conversion Xylan Conversion
RCF Reaction (Wt%) (Wt%)
Temperature
24 h 121 h 24 h 121 h
225°C 672+25 924+36 71.3+26 92.2+3.8

1% solids loadings, CTec3 at 40 mg/g enzyme loading

* RCF monomer yields on birch
approach 35% monomers

« Enzyme digestions on residual
biomass show excellent conversion

* Outcome: Demonstrated ability to
fully convert lignin and
polysaccharides in a hardwood

12



Aim 1: Modeling the solvolysis process for improved RCF

A family of well-defined
poplar particle models

3D particle models of four
representative particle size
fractions have realistic
morphologies and resolved
microstructures, capturing the
plant’s dominant features at
this length scale.

)

<125 pm 125-250 pym 250-500 ym 500-1000 pm

Outcome: Building predictive models Fluorescence micrograph
of lignin solvolysis with realistic of 300 nm-thin hybrid
geometries of biomass particles poplar cross-section

13



Aim 1: Modeling the solvolysis process for improved RCF

Lignin Concentration Profile in Lignin Concentration Profiles in Outcome: Capturing
Particle Cell Walls Particle Pores and in Free Methanol reactive transport

- , o phenomena in real lignin
ligle / ligleo ligs | extraction processes

. . 8
(dimensionless) (molm®) |, Rapidly converging
7 reduced-order 2D
axisymmetric models
6 enable rapid testing of rate
law hypotheses while
5 accounting for heat and
mass transfer

» Best fits observed with a
pseudo-first order reversible
rate law, capturing
extraction plus redeposition
events

) » Intrinsic kinetic
parameters may be
0 decoupled from transport

effects for ensembles of
lignin transport FROM cell wall TO pores and INTO free solution... differently-sized particles

0.9

0.8

>

0.6

.

w

...with straightforward extensions to
RCF reactor-scale modeling....

Thornburg et al., in preparation 14



Aim 2: Separations of RCF oll

W / Lignin Vacuum
ater Extract L . Bottoms
RCF Oil > Anti-Solvent Distillation or
. Solvent
Extraction -
Extraction
Aq. Raffinate Monomers
(w/ Sugars)
M
100 4 ooy ers ——RCF Oil DCM-extract
3 ] —Distillate Cut 01
§ —— Distillate Cut 02
4 —Distillate Cut 03
o
8 .
'c—é : Distillation
: \
Z ~_
1,000 10,000

Apparent MW (Da)

100 -
80
60
40 |
20

Normalized Response

Dimers ——n-Hexane Extract 02

f\/’*\ n-Hexane Extract 03 .
| AN LLE

——RCF Oil DCM-extract
——n-Hexane Extract 01

1,000 10,000
Apparent MW (Da)

100%
Dimers &
Oligomers
80% A
/0
a
(0] HO
> o o;
g 60% - -
o)
04
o)
£ 40% |
C
o)
=
20% A
/°I>)/
OOA’ ] HO’

Cut 1 Cut2 Cut3

» State-of-the-art oil separation is LLE with hexane

Aimed to compare distillation to LLE

~80% of monomers recovered via distillation
Cuts 2 and 3 show >75% monomer selectivity
>90% mass closure

Outcome: demonstrated that distillation is
more selective than hexane-based LLE for
monomer recovery and purification

Kruger, Thornburg et al., in preparation 15



Aim 2: Preliminary TEA of RCF process

Water

Makeup H MeOH « Modeled as a recirculating
H, Recycle reactor
Crude Lignin Ol ignin o « Outcome: Energy is the
— > Ligni 1

major cost driver:

Aqueous o MeOH loading/recovery
MeOH Recycle MeOH Extract/
Sugars o Lignin conversion
Pulp Sturry pulb + sugars o Reactor residence time
(CapEx)
Sensitivity Analysis — Change to Lignin Oil Selling Price ($/Ib) « Could feasibly achieve

>50% cost reduction for
lignin oil selling price

Methanol Loading (L/Dry kg Biomass) 2:3:4
Lignin Conversion (%) 60:50:40

MFSP (S/GGE) 3.00:2.50:2.00 e Qutcome led direcﬂy to new

separations and R&D
strategies

Residence Time (h) 1:3:5
Sugar Decomposition (%) 0:70:100

Cellulose Retention (%) 80:90:98 « Sugar retention is

Xylan Retention (%) 98:93:88 surprisingly a minor driver

Catalyst Cost ($/Ib) 5:17:25

| | | o | ¢ (Catalyst cost is not a major
-$0.15 -$0.10 -$0.05 S$0.00 $0.05 $0.10 $S0.15 driver

16



Relevance

Goal: Develop lignin-first biorefining to achieve $2-3/gge modeled cost for integrated
lignin and polysaccharide conversion

aq. sugars lignin monomers
Why is this project important and what is — I 5

the relevance to BETO/bioenergy goals?

Hzrecycle

X H>0

ol

X

 Lignin is highly underutilized

fdllillil

» RCEF offers alternative to sugar-centric
pretreatments for lignin upgrading

alcohol recycle
CONVENTIONAL
CHEMICAL SEPARATIONS

» RCF produces stable lignin co-products

N
L

« May enable $2-3/gge BETO cost targets [
simple — POLYSACCHARIDE lignin lignin dimers,
alcohols VALORIZATION oligomers trimers,
tetramers
How does this project advance the State of Technology transfer activities:

Technology and contribute to biofuels

commercialization? - Patent applications for catalyst

formulations

* New approach to effective biomass fractionation - Establishing best practices for

* Industrially-relevant RCF in an integrated process analytics, mass balances of RCF

 Lignin co-products will be essential to - Deploying to existing lignocellulosic
commercialize biofuels and bioeconomy waste streams (e.g., almond hulls)

17



Future work: process engineering towards cost-effective RCF

4 )

Reduce Solvent Usage Stage 1

+ Challenge: Flow-through RCF uses 10x solvent to Solvolysis

Stage 2
Catalysis
Gas Vent
achieve same monomer yield as batch '

. . . Knock-
» Strategy: Re-configure semi-continuous reactor to

Out
explore solvent recycle or recirculating product loops ';iq"id‘ Liquid Recycle Vessel
ump

J

Improve Catalyst Stability

« Challenge: RCF catalysts deactivate with Leaching Ty
extended time-on-stream

» Strategy: Characterize post-reaction Feii Sintering 83 improved
catalysts to understand deactivation and Catalyst |:I'];| Catalyst

inform new designs (Q7 Milestone)
Site blocking

Reduce Process Severity and Capital

» Challenge: MeOH and H, pressure require MeOH Ha
capital-intensive reactors to handle high T, P H,O in-situ formic acid

» Strategy: Explore alternative solvents and H Glycols Solubilized sugars
sources to mitigate pressure requirements. Binary mixtures Allealialls

\_ s




Future work: product engineering leveraging project interactions

All below related to 1.5-year target 50% lignin val., 3-year target 60% lignin val.

r

» Challenge: Dimers exhibit recalcitrant C—C bonds

 Strategy: Optimize oxidation catalysts for C-C
cleavage by molecular O,

\_

Transform RCF Streams to Value-Added Monomers

Lignin UtiIization\

s ?

vanillin

oH -0
0\
N
oH

Upgrade Dimers to Value-Added Polymers

« Challenge: Dimers do not resemble traditional
petrogenic building blocks

 Strategy: Develop new polymers utilizing lignin
dimers for high-value, recyclable materials

bio-PC synthests
OH \’)J\ J\H/

Performance-Advantaged Bioproducts

LA

RCF 5-5'
Dimer

OH Lactone ROP

-

Valorize Dimer & Oligomer Streams As Mixtures

» Challenge: Dimers/oligomers have limited
reactivity and near-zero commercial value

» Strategy: Formulate dimers+ into functional
replacements for valuable chemical mixtures

Accelerating Inventions to Market (AIM) Awarch
(NREL Technology Transfer Office)

==

Process Fluids

Surfactants

Pesticides

J

19



Summary

Overview
— Replace standard pretreatment with selective lignin/polysaccharide

fractionation technology eottwand c_(@ -

Biomass

— Equally weights lignin and sugar valorization for integrated biorefinery "™ e plantperts

Trade-off:
yield/purity vs.
B-O-4 content

~)

Technical accomplishments Mmethad Meverty |
— Initial flow-through RCF demonstrated Schutyser et al. Chem. Soc. Rev. 2018
— Enabled independent study of solvolysis and catalysis

— Biomass particle modeling initiated for solvolysis reactions

— Distillation successfully applied to RCF oil separations

Relevance

— Lignin-first biorefining may enable a new integrated approach to valorize lignin and sugars
— Lignin valorization is essential for lignocellulosic carbon economy

Approach

— Co-develop RCF reactor/catalyst to produce high monomer yields fanin chemiiry
— Develop RCF process with scale-up in mind

— Process integration and scaling informed by TEA

— Collaborate with BETO projects for separations, sugars/lignin products \#

Lignin
reactivity

Future work

— Develop a process for a lignin-first biorefinery that achieves >60% lignin valorization.
Report TEA that shows potential to meet a <$3/gge cost target

20



Acknowledgements

BETO: Jay FitderaId U.S. DEPARTMENT OF Energy EﬁlCIenCy &

NREL contributors ENERGY Renewable Energy

« Brenna Black BIOENERGY TECHNOLOGIES OFFICE
» David Brandner Collaborators

* Rick Elander

* Rui Katahira

« Jacob Kruger * International RCF group for improving standards and analytics: Joseph
«  William Michener Samec (U Stockholm), Mahdi Abu-Omar (UCSB), Katalin Barta (U
Groningen), Jeremy Luterbacher (EPFL), Roberto Rinaldi (Imperial
College London), Bert Sels (KU Leuven), Feng Wang (DICP)

* Yuriy Roman, Eric Anderson, Mickey Stone, MIT

 Joel Miscal
* Ashutosh Mittal
 Darren Peterson

+ Kelsey Ramirez
«  Michelle Reed » Steve Decker, Mike Himmel, Enzyme Engineering and Optimization

Collaborators on BETO projects:

* Nicholas Thornburg

Derek Vardon, Direct Catalytic Conversion of Cellulosics

Allison Robinson, Lignin Utilization

Eric Karp, Separations Consortium

Nicholas Rorrer, Caroline Hoyt, Performance-Advantaged Bioproducts

Peter Ciesielski, Consortium for Computational Physics and Chemistry

21



Milestones

Q1

Q2

Q3

Q4

QPM

QPM

QPM

Annual

Demonstrate enzymatic digestibility of RCF polysaccharides from batch
processing including both fungal cellulases and cellulosome systems.
[Base case]

Develop analytical methods and identify a minimum of five dimer aromatic
compounds from the RCF process; provide recommendations on a
generalizable, rapid method for identification and quantification of lignin
dimers and oligomers. [Base case]

Design, construct, and commission a staged flow reactor capable of semi-
continuous RCF of whole biomass and residual lignin streams. [Base case]

Evaluate separation of monomers from a hardwood RCF lignin oil using at
least two techniques, such as distillation and liquid-liquid extraction.
Determine monomer recoveries and selectivities for each technique.
Demonstrate selective separation of a monomer stream from at least one
type of RCF all (e.g., from a hardwood feedstock). Target 75% monomer
recovery and 75% monomer selectivity in separated fraction, at greater
than 90% overall mass closure.
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Milestones

Q1

Q2

Q3

Q4

Annual

G/NG

QPM

QPM

Evaluate separation of monomers from a hardwood RCF lignin oil using at
least two techniques, such as distillation and liquid-liquid extraction.
Determine monomer recoveries and selectivities for each technigue.
Demonstrate selective separation of a monomer stream from at least one
type of RCF all (e.g., from a hardwood feedstock). Target 75% monomer
recovery and 75% monomer selectivity in separated fraction, at greater than
90% overall mass closure

Demonstrate the valorization potential of at least 50% of the overall lignin
stream based on monomers, dimers, and oligomers through further
separations and downstream catalytic processing

Produce a comprehensive analytical method that fully details dimeric species
from RCF oil, encompassing 15 species or greater, and is transferrable for
relative abundance of dimers between RCF samples produced between two
systems.

Evaluate catalyst stability during semi-continuous RCF operation throughout
at least 6 hours of time-on-stream. If necessary, explore possible
regeneration strategies to improve catalyst lifetime.
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