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'/ Motivation: oil in every day life

“Oll is the blood of today’s society™

Polymers

Fuels ] Pharmaceuticals

\

Petroleum Agriculture

/

Industrial
chemicals

“Demand for petroleum products in the United States averaged 19.7
million barrels per day in 2004. This represents about 3 gallons of

petroleum each day for every person in the country” (DOE annual
report 2004)
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current and historical global energy mix {} bp

Current global energy supply is dominated by fossil fuels — oil has been the largest
component of the energy mix for many decades. gas has grown stronghy since the

1970°s: coal has been growing in the last four years: hydro is constant and nuclear
has plateaued LI
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Reserves & Resources (bnboe)
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U.S. Energy Consumption: End-Use

Residential, By Major Source
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Biomass Potential
1.3 x 102 (billion) dry tons per year (U.S.)
Equivalent to 3.5 x 10° barrels of oil (boe)
1 boe = 5.8 x 10° (million) BTU = 6.1 x 10° J
Equivalent to 20 x 101> (quadrillion) BTU/year
U.S. energy consumption = 140 x 10 BTU/year
U.S. biomass potential = 15%

Global Biomass production = 95 x 10 BTU/year
Woody biomass production = 40 x 101> BTU/year
Global energy consumption = 315 x 101> BTU/year
Global biomass potential = 30%
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Biomass — Transportation Sector

Total energy consumed in U.S. = 140 quads
= 22 quads (16%)
= 18 quads (13%)

Residential
Commercial

Industrial

Transportation =28 ¢
Electric Power =41 ¢

Biomass

=320

uacC
uacC
uacC

S (23%)
S (20%)
S (29%)

=200

uaC
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Biomass potential = 70% of transportation



Overview of Routes (at UW)
for Bilomass Conversion
Hydrogen, Fuels and Chemi




Wﬂoutes to H,, Fuels & Chemicals
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Production of Hydrogen from
Biomass-derived Carbohy\d



AGO/RT (per mole of CO basis)

Reforming Thermodynamics
CH, + H,O0 — CO + 3 H, reforming
CO +H,0 - CO, + H, water-gas shift
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The Challenge:

Can we find
catalysts that
produce H,
versus CH,?

BIOMASS
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Selectivity Challenges
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Potential Energy

Diagram:
Ethanol/Pt(111)
50 _/,.
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Alcala, Mavrikakis, Dumesic, J. Catal. 218, 178 (2003)
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Reforming of Oxygenates
over Supported Met
Catalysts



/  Liquid Phase Kinetics

* Pressure maintained above bubblepoint
pressure of feed at reaction temperature

« Differential reactor (verified kinetic control)

or high-conversion operation

* Product analysis via GC, HPLC, TOC

Product
Gas

TypicalProducts:

60-70% H,
30% CO,

< 10% alkanes
<1000 ppm CO

Cooling
Water —
[\

Temperature_ _ _ _ _ __ ___
Controller

H, Produced x 100%

H, that would be produced if all
carbon products were from APR

Alkane Selectivity =

Carbon as alkanes x 100%

Total carbon in products

Carrier

|
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H, and Alkane Selectivities

Agueous-phase Reforming of Oxygenates

100 L L

80
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over Pt/AlLL,O,

- Alkane Selectivity

H2 Selectivity

T=498 K

Methanol Ethylene Glycol Glycerol Sorbitol Glucose

] 1 wt% feed

| «High

Conversions

| <Clean reaction

— gas phase
products

1 *Complete

Carbon
Balance

Cortright, Davda, Dumesic, Nature 418, 964 (2002)



Demonstration:
Biomass to H,
over Pt
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Non-precious Metal Cata
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High-Throughput Studies of Raney-NiSn
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Huber, G.W.; Shabaker, J.W.; and Dumesic. J.A.; “Raney Ni-Sn Catalyst for H2 from Biomass-Deri
Hydrocarbons”, Science, 300, 2075-2077 (2003)
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7 EG-Reforming on Raney-NiSn:
Packed-bed APR Reactor

..!'-‘

n'.

Catalyst H, Alkane H, TOF CH, TOF H, Rate
Selectivity % | Selectivity % | min™ min™® | pmol cm™ min™
Raney Ni 47 33 1.1 0.28 360
Raney Ni,;Sn 57 27 1.4 0.23 430
Raney Ni;,Sn 93 5 1.4 0.031 360
Pt/Al,O4 o8 0 5.3 0 450

Addition Improves Decreases Ni,,Sn ~ Pt/ALO,
of Sn: H, selectivity CH, selectivity




¥
f BIOMASS

SUGAR-ALCOHOE
{SORBITOLY

PLATINUM:

expensive

NICKEL-TIN: inexpensive

Catalysts for
B I O m a S S Painkrat tor Sancy o aracne o
Conversion ’

UNWANTED
METHANE



Virent E
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Vapor-phase Conversio
Glycerol to CO:H, Mixtu
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Sources of Glycerol

By-product waste-stream from biodiesel
production, I.e., trans-esterification of tri-
glycerides, leading to ~80 wt% glycerol In
water

Glucose fermentation, leading to 25 wt%

glycerol in water (compared to 5% for
ethanol)

Catalytic hydrogenolysis of xylitol and
sorbitol (C. and C, sugar-alcohols)
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Glycerol Conversion to Synthesis

Gas at 350°C




Conversion to Gas Phase (%)

Z{  Glycerol Reactivity (350°C)

100 Pt/C 400

Pt/C

80
60 200
Pt/CeO,-ZrO,
40 100
P Pt/Ce0,-ZrO,
‘= 60
20 - =
E 404
LL
12— IC—) 20 -
5 ) Pt/ZrO, .
Pt/ALO, 8 PUZrO,
4 A 6 -
Pt/MgO-ZrO, 4- / PUAILO;
2 z T ; T ; T ; T 0 1 g T d T U T ; T T 1
0 10 20 30 40 50 0 / 10 20 30 40 50
Time on stream (h) Time on stream (h)

Pt/MgO-ZrO,



&

Coupling of Glycerol Conversion

with Fischeﬁ'ropsch Synthesis
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tlf  Fischer-Tropsch Synthesis

Higher hydrocarbons from synthesis gas (H,:CO)
nCO+ (2n+1) H, » C H,. ., + n H,O
Typical catalysts include: Fe, Co, and Ru

LA

0.2 0.4 0.6 0.8 1.0
Chain Growth Probability, a




!{ Coupling Gasification & FT Synthesis

C3O3H8 —1)3CO+4H2 83 kcal/mol
224(CO+2H2 BN ; C8H16 +HZO) T81 kcal/mol
0.28(C,H,.+H, ——>C.H,,) 98 2 10 kealimol
O76(CO+HZO—4)COZ+H2) -7 keal/mol

C,0,H, ——0.28C,H,,+0.76CO,+1.48H,0 -15ksalimo
C,0,H,+3.50, —>3CO,+4H,0 354 koalimo

AH, AH,
AH(Gly) ~ %% AH/(Gly)

= -4%
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o Reforming Catalysts

Fischer-Tropsch synthesis typically carried out
at 500 — 550 K (and 10 - 50 bar)

Heat must flow from FT to reforming catalyst
(Temperature for FT > T for reforming)

Pt/C not active below ~573 K
— O INcreases as T decreases

— Additives needed to lower adsorption energy
of CO on Pt

Surface alloys may be useful!!



d-band shift
Ngrskov et al., J. Catal. 199, 123 (2001)
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_S CO-Adsorption on Near Surface Alloys
5,“;‘,_; Greeley & Mavrikakis, Catal. Today 111, 52 (2006)

Pt Pt/Ru._ Pt/Re
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Time on stream (h)

Time on stream (h)

Soares, Simonetti, Dumesic, Angewandte Chemie 45, 3982 (2006).
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- Glycerol Conversion: Pt-Ru & Pt-Re
100 - 100 - 4
90 |

s [ CoICO,

g 80 . - PtRu:300°C _‘\A\_A\‘__‘_/*

~ —\l\'-l\ﬁ_fv

c . % e ] 43

I — & = my

7 70 I = *% ®o ® o0 e v

S 70- PtRe:250°C s |x

> 1 « 105

(- — ]

o 60 - © i

2 I

2 PtRU:275°C f - !F!PtRe o v 12

i>3* Vy ol - M

N 4O_mv W"-
. PiRe:225°C PtRu H/co v

0] 1IO 2IO 3IO 40 5IO 60 7IO 80 0] 1I0 2IO 3IO 4IO 5IO 60 7IO 80



—8a-Xco —0U-Scs.
—®—SCH4 —2~SC02

e
=
0
o
—
>
)
&)
Lo
QO
p)
o
=
@©
c
S
%2
S
(5
>
c
@)
)
O
)

80 100 120 140
Time on stream (h)




.-"T_j-}

v« Dante and the FT product




Production of Value-added
Chemicals from Carbohydrates:
HMF* from Hexoses

o

H2 9)

* Hydroxymethylfurfural HO/CU

@)

H



&7 Sleeping Giant*

*HMF and its oxidation product 2,5-furandicarboxylic
acid are so called ‘sleeping giants’ in the field of
iIntermediate chemicals from regrowing resources.”

* M. Bicker, J. Hirth and H. Vogel, Green Chemistry, 2003.
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Terephthalic acid FDCA
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Polymers SO
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417  Dehydration Reaction Pathways
I"-._,..t—J

Fragmentation Products  Additional Dehydration Products

o O S Rehydration Products
OH ,
~7 @j P T Hﬁr\(m

Lewvulinic Acid

Formic Acid
o
o
HO. )L
H OH
4 ?HOH cHo cHO I o)
—OH |_OH =e)
HO——H  +:0 LI HO —H +2H,0
L = |
D-Fructose T o H
H—T—oH L —
H OH o " i H | |O
H CHOH CHOH CHOH
. ~—o > HO
OH —~ - . <
HO OH Acyclic Intermediates
CH H

( B-pyranose )

. " e o HMF o, HMForg
HO -poHO — HO
X =i
-2H,0 Qi OH oH py  H OH H
3} CHZOH \_ Fructofurancsyl Intermediates _/

o (@]
HO o o

OH

Reversion Products

» Insoluble Humins ==

l Soluble Paolymers and ¢
Condensation Products




-

717 Approach to Achieve High
Selectivity for HMF

Extracting solvent, ~

e.g., MIBK, butanol \\/

Aqueous layer containing 4
promoters (e,g, DMSO, NMP) HME

\* Sugar  Acid catalyst

(|.‘,H3

N-methylpyrrolidinone,NMP C/vo

:O

Dimethylsulfoxide, DMSO
N

3HC CH3

n



#77 HMF selectivity vs Extraction Ratio
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