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Motivation: oil in every day life
“Oil is the blood of today’s society”

PetroleumIndustrial 
chemicals

Fuels

Agriculture

Polymers

Pharmaceuticals

““Demand for petroleum products in the United States averaged 19.7Demand for petroleum products in the United States averaged 19.7
million barrels per day in 2004. This represents about 3 gallonsmillion barrels per day in 2004. This represents about 3 gallons of of 
petroleum each day for every person in the countrypetroleum each day for every person in the country”” (DOE annual (DOE annual 
report 2004)report 2004)
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U.S. Energy Consumption: EndU.S. Energy Consumption: End--UseUse



Biomass PotentialBiomass Potential
1.3 x 109 (billion) dry tons per year (U.S.)
Equivalent to 3.5 x 109 barrels of oil (boe)
1 boe = 5.8 x 106 (million) BTU = 6.1 x 109 J
Equivalent to 20 x 1015 (quadrillion) BTU/year
U.S. energy consumption = 140 x 1015 BTU/year
U.S. biomass potential = 15%

Global Biomass production = 95 x 1015 BTU/year
Woody biomass production = 40 x 1015 BTU/year
Global energy consumption = 315 x 1015 BTU/year
Global biomass potential = 30%



Biomass Biomass –– Transportation SectorTransportation Sector

Total energy consumed in U.S. = 140 quads
Residential        = 22 quads (16%)
Commercial      = 18 quads (13%)
Industrial          = 32 quads (23%)
Transportation  = 28 quads (20%)
Electric Power  = 41 quads (29%)
Biomass            = 20 quads
Biomass potential = 70% of transportation



Overview of Routes (at UW)Overview of Routes (at UW)
for Biomass Conversion to for Biomass Conversion to 

Hydrogen, Fuels and ChemicalsHydrogen, Fuels and Chemicals
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UW Routes to HUW Routes to H22, Fuels & Chemicals, Fuels & Chemicals



Production of Hydrogen from Production of Hydrogen from 
BiomassBiomass--derived Carbohydratesderived Carbohydrates



CH4 - vapor 
phase reforming

Methane 
reforming 

at high 
temperatures

Favorable
Water-gas 

shift

Oxygenate 
reforming at 

low temperatures

Reforming ThermodynamicsReforming Thermodynamics

EG - vapor 
phase reforming

WGS – vapor
phase
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The Challenge:The Challenge:
Can we find Can we find 

catalysts that catalysts that 
produce Hproduce H22

versus CHversus CH44??

H2?
Catalyst



Selectivity ChallengesSelectivity Challenges
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Potential Energy Potential Energy 
Diagram: Diagram: 

Ethanol/Pt(111)Ethanol/Pt(111)
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Alcala, Mavrikakis, Dumesic, J. Catal. 218, 178 (2003)



Reforming of Oxygenates Reforming of Oxygenates 
over Supported Metal over Supported Metal 

CatalystsCatalysts



Liquid Phase KineticsLiquid Phase Kinetics
BP

Carrier
Gas

Product
Gas

Cooling
Water

IN

TC

Temperature
Controller

Aluminum
Block

Quartz Wool
Packing

Cooling
Water
OUT

Catalyst
Bed

Insulated
Furnace

¼” OD
Stainless Steel
Tubular Reactor

Liquid
Feed

Bench-Scale
Aqueous-Phase

Reforming Reactor

Typical Products:

60-70% H2
30% CO2
< 10% alkanes
< 1000 ppm CO

Liquid 
Drain

• 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

Alkane Selectivity = Carbon as alkanes x 100%

Total carbon in products

H2 Selectivity = H2 Produced  x 100%

H2 that would be produced if all 
carbon products were from APR



AqueousAqueous--phase Reforming of Oxygenatesphase Reforming of Oxygenates
over Pt/Alover Pt/Al22OO33
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Demonstration:Demonstration:
Biomass to HBiomass to H22

over Ptover Pt



NonNon--precious Metal Catalystsprecious Metal Catalysts



HighHigh--Throughput ReactorThroughput Reactor
 

A) B)

Bolts
Stainless Steel
Top Plate

Silicone Rubber
Septum

Catalyst Aqueous Feed Solution

Sample Needle
Holes

Gas Products

C)



HighHigh--ThroughputThroughput Studies of RaneyStudies of Raney--NiSnNiSn
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EGEG--Reforming on RaneyReforming on Raney--NiSnNiSn::
PackedPacked--bed APR Reactorbed APR Reactor

Catalyst H2 Alkane H2 TOF CH4 TOF H2 Rate
Selectivity % Selectivity % min-1 min-1 μmol cm-3 min-1

Raney Ni 47 33 1.1 0.28 360
Raney Ni270Sn 57 27 1.4 0.23 430
Raney Ni14Sn 93 5 1.4 0.031 360

Pt/Al2O3 98 0 5.3 0 450

Addition
of Sn:

Improves
H2 selectivity

Decreases
CH4 selectivity

Ni14Sn ~ Pt/Al2O3



Catalysts for Catalysts for 
Biomass Biomass 

ConversionConversion



VirentVirent Energy SystemsEnergy Systems



VaporVapor--phase Conversion of phase Conversion of 
Glycerol to CO:HGlycerol to CO:H22 MixturesMixtures



Sources of GlycerolSources 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 (C5 and C6 sugar-alcohols)



Glycerol Conversion to Synthesis Glycerol Conversion to Synthesis 
Gas at 350Gas at 350ooCC
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Coupling of Glycerol Conversion Coupling of Glycerol Conversion 
with Fischerwith Fischer--Tropsch SynthesisTropsch Synthesis



FischerFischer--Tropsch SynthesisTropsch Synthesis
Higher hydrocarbons from synthesis gas (H2:CO)

n CO + (2n+1) H2 CnH2n+2 + n H2O 
Typical catalysts include:  Fe, Co, and Ru



Coupling Gasification & FT SynthesisCoupling Gasification & FT Synthesis
1

3 3 8 2C O H 3CO+4H⎯⎯→ 83 kcal/mol

3 3 8 2 2 2C O H +3.5O 3CO +4H O⎯⎯→ -354 kcal/mol

5
3 3 8 8 18 2 2C O H 0.28C H +0.76CO +1.48H O⎯⎯→ -15 kcal/mol

2
2 8 16 2

12.24(CO+2H C H +H O)
8

⎯⎯→ -81 kcal/mol

3
8 16 2 8 180.28(C H +H C H )⎯⎯→ -10 kcal/mol

4
2 2 20.76(CO+H O CO +H )⎯⎯→ -7 kcal/mol

-98

ΔH1
ΔHc(Gly) = 24% ΔH5

ΔHc(Gly) = -4%



Reforming CatalystsReforming 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
– ΘCO increases as T decreases
– Additives needed to lower adsorption energy 

of CO on Pt
Surface alloys may be useful!!



dd--band shiftband shift
NNøørskovrskov et al., J. et al., J. CatalCatal. . 199199, 123 (2001), 123 (2001)

Pt

Ru



CO Adsorption on Near Surface AlloysCO Adsorption on Near Surface Alloys
Greeley & Greeley & MavrikakisMavrikakis, , CatalCatal. Today . Today 111111, 52 (2006), 52 (2006)

Pt/RePt/RuPt
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FT Data at 275FT Data at 275ooC & 10 barC & 10 bar
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Dante and the FT productDante and the FT product



Production of ValueProduction of Value--added added 
Chemicals from Carbohydrates:Chemicals from Carbohydrates:

HMF* from HMF* from HexosesHexoses

* Hydroxymethylfurfural CH
H2
C

HO

O
O



Sleeping Giant*Sleeping Giant*

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

* M. Bicker, J. Hirth and H. Vogel, Green Chemistry, 2003.

CH
H2
C

HO

O
O



Chemicals from HMFChemicals from HMF
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Dehydration Reaction PathwaysDehydration Reaction Pathways
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Approach to Achieve High Approach to Achieve High 
Selectivity for HMFSelectivity for HMF

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

Extracting solvent,
e.g., MIBK, butanol

Sugar

HMF

HMF

Acid catalyst

CH3

ON
S

O

CH33HC

Dimethylsulfoxide, DMSO N-methylpyrrolidinone,NMP



HMF selectivity HMF selectivity vsvs Extraction RatioExtraction Ratio



acid metal
base

A
PD

/H

alkanesalkanes

sugarssugars

Thank you for your attentionThank you for your attention!
Questions?
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