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Project Goal 

To develop the fundamental catalyst and process 

knowledge required to design upgrading strategies of 

pyrolysis bio-oil (vapor and liquid) to achieve a stable 

product. Specific project objectives are to maximize 

carbon retention and minimize H2 consumption. Direct 

hydrotreating is not optimal to achieve these objectives. A 

balanced cascade of catalytic steps is a preferred 

alternative strategy. The project combines studies with 

model compounds (single and mixtures) and real bio-

oils, with catalyst design, characterization, density 

functional theory (DFT) calculations, and kinetic models. 

  
This project addresses barriers Tt-E (bio-oil stabilization) 
and Tt-G (fuels catalyst development).  
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Quad Chart Overview 

• Project start date:1/1/2009  
• Project end date: 7/29/2013 
• Percent complete: 90% 

• Barriers addressed 
– Tt-E: Pyrolysis of biomass and 

bio-oil stabilization 
– Tt-G: Fuels catalyst development 

• Total project funding 
– DOE share: $1,951,625 
– Contractor share: $487,906 

• Funding received in FY11: none 
• Funding in FY 2012 (DOE & cost share) 

none 
• Funding for FY 2013 (DOE & cost share) 

none 
• ARRA Funding none 
• Years the project has been funded & 

average annual funding 4.75 years 
~$411,000 per year. 

• ARRA Funding: 0 

Timeline 

Budget 

Barriers 

Research collaborations include: 
• Oklahoma State University 
• Noble Foundation 
• USDA  ARS 
• Texas A&M 
• Drexel 
• Oklahoma Botany & Microbiology 
• Iowa State University 
NOTE: research collaborations not 
funded through this project, but made 
possible through this funding. 

 

 

Partners 



Project Overview 
• History and Context: 

– University of Oklahoma (OU)  strengths in catalysis, reaction 
engineering, hydrocarbon processing, natural gas conversion, 
combustion 

– Oklahoma Bioenergy Center – $14 million State initiative covering 
the entire biomass value chain (emphasis on switchgrass), 
involving OU, Oklahoma State University, Noble Foundation 

– NSF EPSCoR Research Infrastructure Improvement program in 
cellulosic bioenergy 

• DoE project focused on catalyst development for bio-oil 
upgrading and conversion of oxygenated compounds to 
fuel components: 
– Vapor phase catalytic conversion to retain carbon and deoxygenate 

with minimum hydrogen consumption 
– Liquid phase (mild conditions) catalytic conversion 
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    Concept: catalytic cascade  
to stabilize and upgrade pyrolysis oil liquids 

 

Biomass 
 

- Cellulose 
- Hemicellulose 

- Lignin 
 

•Biomass 
 

•  Small oxygenates  
• ( aldehydes, alcohols, ketones, acids )  
•  Sugar-derived compounds 
• ( levoglucosan, furfurals ) 
•  Lignin-derived phenolics 
• ( guaiacol, vanillin, anisole, etc. ) 
 

 

• Challenges to catalysts: 
• Remove O 
• Maximize C capture 
• Minimize H2 consumption 
• Minimize catalyst deactivation 
• Tolerate hot liquid water 

Resasco, Journal of Physical chemistry Letters, 2, 2294-2295, 2011 
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Drying	 Grinding	

Pyrolysis	
Fluidizing	

Bed	
Short	

Residence	
Time	

BIOMASS 
Switch grass 
Sawdust, Pine 
Torrefied-biomass 
 

CHAR 

Liquid 
Bio-oils 

Inert Gas 
 

OBJECTIVES 

Increase Liquid Yield 

Remove Oxygen  

Minimize Deactivation 

Biphasic catalytic 
upgrading 

Concept: catalytic cascade  

Catalyst A 

Catalyst B 

Light gases, 
CO,CO2,etc. 
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Light oxygenates: 
Acetic acid,  

Acetol,  
Acetaldehyde,  

Water 

Sugar derived 
compounds: 

Furfurals 

Lignin derived 
compounds: 

Phenolics 

Objective 
• Grow C-C chain to liquid fuel range  

• Condense with light oxygenates 
• Minimize C-C cleavage 

• Remove oxygen without losing 
methoxy C to gas 

Concept: catalytic cascade-  
utilize reactions that maximize C retention in liquid  
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1- Approach 
• Catalytic processes: 

– Vapor phase condensation of small oxygenates to build carbon chains 
– Controlled C-O cleavage vs. C-C cleavage of furanics to preserve carbon in 

the liquid fuel range. 
– Balance transalkylation with hydrogenolysis to preserve carbon in the liquid 

fuel range when converting lignin derived phenolics. 
– Conversion of bio-oil vapors prior to condensation 

• Technical approach: 
– Model compound and bio-oil studies and physicochemical characterization to 

identify active and selective catalysts, reaction pathways, and deactivation 
mechanisms 

– Theoretical (DFT) studies to understand reaction mechanisms and guide 
catalyst development  

– Development of quantitative structure-property relationships to help identify 
desired products (fuel properties, oxygen content, yield) and aid in analytical 
chemistry. 



 

Strategy No. 1 
“Building up C-C chains” 
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•Initial Concept: 
 
 

1.Oxygenates to Olefins 
 
 

2.Olefins to Oligomers 
 
 

3.Oligomers to Aromatics 
 
 

Aldol Dimerization 
Dehydration 
Aldol Trimerization 
Dehydration 
Enol and 
Rearrangement 
Aromatization 
Dehydration 

 

C9 Aromatic 

Aromatization of Propanal on H-ZSM5 
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Aromatization through aldol condensation 



Feed Propanal Propylene 

Conditions W/F =0.13 h 
HZSM-5 (45) 

400oC  

W/F =4 h 
HZSM-5 (45) 

400oC  

W/F =4h 
HZSM-5 (25) 

500oC  

Conversion 76 42 66 
Gas (C1-C3)  32 - 38 
isoalkenes 

(C4-C9)  3 42 10 
Aromatics  41 1 17 

Product Yield Distribution after 60 min on stream in a fixed bed reactor 

Journal of Catalysis  271 (2010) 201–208 11 

Aromatization of Propanal on H-ZSM5 

aldol condensation enhances aromatics yield 



H-ZSM-5 
 
Si/Al = 45 
 
Crystallite 
Size  < 100 nm 
 
From 
Sud  
Chemie 
 

H-ZSM-5 
 
Si/Al = 45 
 
Crystallite 
Size  >1,000 nm 
 
Synthesized 
In-House 

Catalysis Communications 11 (2010) 977–981 

More C9 ARO 
(less secondary reactions) 
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Smaller crystal size decreases secondary reactions  



 

Strategy No. 2 
“Breaking C-O bonds instead of 

C-C bonds” 
 

Hydro-deoxygenation  
of Furfural 
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Decarbonylation 

•RON = 109 
•1 Ox 
•1 C loss 

Hydrogenation 

•RON = 134 
•2 Ox 

•RON = 131 
• 1 Ox 
•No C loss 

Hydrogenolysis 
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Furfural conversion routes on metal catalysts 



•Sitthisa and Resasco, Catal. Lett. 141 (2011) 784  

Furfural conversion selectivity over Cu, Pd, and Ni/SiO2 



W/F = 0.1 h, Temp = 230°C, H2/Feed ratio = 25, 
H2 pressure = 1 atm, TOS = 15 min 
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•Pd 

•Pd-Cu 

•Eads =  55.4 kJ/mol 

•Eads =  9.6 kJ/mol 

•2.15 

•2.20 •2.98 

Sitthisa, Pham, Prasomsri, Sooknoi, Mallinson, 
Resasco, J. Catalysis, 280 (2011) 17-27  

 Cu inhibits the formation of the acyl 
species (C-H bond activation) 

Pd-Cu/SiO2 :alloy modifies decarbonylation selectivity 



•2(C-O)-aldehyde 
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 Drop in  decarbonylation rate 
when Fe was added to Pd.  
 
 2-methyl furan became the 
main product over Pd-Fe catalyst.  

•C-C breaking 

•C-O breaking 

•Pd 

•Pd-Fe 

•Fe 

! 

Pd-Fe/SiO2:alloy enhances C-O hydrogenolysis 



 

Strategy No. 3 
“Eliminate O while keeping C  

in the fuel range” 
 

Selective Hydro-Deoxygenation of 
Phenolic Compounds 
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Reaction Conditions: T=400 ºC, P=1 
atm, H2/Anisole=50, TOS= 0.5 h.  

Deoxygenation while preserving C on ring 

conversion over H-Beta yields branched oxygenates 

conversion over 1% Pt/SiO2  HDO with loss of methyl  

 

The major reaction is 
transalkylation 

 

Very little 
deoxygentation 

 

 

 

 

HDOMethoxy group is 
lost as methanol and 
methane 

X. Zhu, L. Lobban, R.G. Mallinson, D.E. Resasco Journal of Catalysis (2011)  
  



•T=400 ºC, P=1 atm, H2/Anisole=50, TOS= 0.5 h.  

1%Pt/H-Beta deoxygenates while preserving C on ring 

Transalkylation and 
hydrodeoxygenation 
take place over acid 
and metal sites, 
respectively. 

 
 

 

 

 

Yields of 
hydrocarbons is 

enhanced 
significantly 

 

The carbon 
number is 
preserved. 



 

In situ upgrading of real bio-oil vapors 
 

21 



 

Shaolong Wan, Trung Pham, Sarah Zhang, Lance Lobban, Daniel Resasco, and Richard Mallinson AIChE Journal (2013). 

Ru/TiO2 conversion of real bio-oil vapors 



Shaolong Wan, Trung Pham, Sarah Zhang, Lance Lobban, Daniel Resasco, and Richard Mallinson AIChE Journal (2013). 

4g Ru/TiO2 
– 400°C 
– 1Atm H2  

30g oak/batch 

Less change in MW 
upon aging after 
Ru/TiO2 treatment 

Knowledge from model compound studies  

applied to real systems 

• Acetic acidacetone 

• Bio-oil stability 
significantly improved 
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3 - Relevance 

In direct response to barriers Ta-E and Tt-G-  
– Conversion Enabling Technologies page 2-48 states: 

“Understanding and more accurately measuring catalyst activities, selectivities and 
deactivation processes, and gaining insights into the synergistic roles of elemental 
species within the active catalytic sites will enable development of new processes 
that are more energy, carbon, and cost-efficient.”  

• The fundamental information gained by these model compound 
results allow the development of novel catalytic strategies that are 
critical to improving carbon yields while minimizing cost and 
hydrogen consumption critical to the advancement of the field of 
thermochemical conversion of biomass. 

• Results from the studies supported by this project have led to 
several more advanced follow up projects utilizing real bio-oil 
fractions to improve the overall cost, liquid yields, and carbon 
efficiency while producing feedstocks amenable for refinery 
insertion.  
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Success Factors and Challenges  
• Success factors: 

– Higher carbon retention and lower hydrogen consumption versus bio-oil 
hydrotreating 

– Improved catalyst life 
– Identified fundamental knowledge necessary to design strategies necessary 

for refinery insertion  topic of current and future projects 
• Challenges: 

– Control of reaction selectivity in complex mixtures 
– Mitigating catalyst deactivation by specific catalyst and operating condition 

design 
– Reactor engineering of the cascade 

• Relevance to the state of technology and commercial 
viability 
– Catalyst knowledge (activity, selectivity, reaction pathways) vital for any 

upgrading strategy 
– Improving carbon retention (liquid fuel yield) and decreasing hydrogen 

consumption very relevant to cost competitiveness and commercial viability 
– Improved carbon retention and decreased hydrogen consumption improve 

process sustainability and impact on petroleum substitution 
– Catalysts and conditions have been identified using model compounds; 

mixture and bio-oil studies have been initiated 
– Studies of catalyst deactivation and regeneration are planned 
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Summary 
• “Catalytic cascade” upgrading has potential advantages over hydrotreating: 

– Carbon retention (biofuel liquid yield) 
– Hydrogen consumption 
– Product selectivity 

• Several C retention strategies have been identified with model compounds 
– Aldol condensation of light oxygenates to produce aromatics at rates much faster than olefin oligomerization 

and dehydrocyclization 
– Selective C-O cleavage via the introduction of bimetallic alloys for the conversion of furanics 
– Carbon retention on the ring by incorporating acid catalyzed transalkylation prior to hydrodeoxygenation 

• Research is relevant to biomass program goals of cost competitiveness, petroleum 
substitution, sustainability, and integration 

• Model compound studies have identified catalysts and conditions  that have been 
tested with bio oil vapors to improve stability 

• Significant challenges: catalyst deactivation, selectivity control, reactor engineering 
 
 



A common theme among reviewer’s comments was the good fundamental work, but more interaction 
with industry and applied research with real systems while incorporating TEA is necessary to increase 
the impact. 
 
Response: 
We agree with the comments and agree that these elements are necessary for the project to have 
more significant impact.  We are partnering with Iowa State University and PNNL (DOE funded) on a 
project aimed at developing feedstocks for refinery insertion; we believe this may be the most 
immediate possible use of stabilized pyrolysis oil. We are also teaming with USDA and several other 
universities (South Carolina, Deleware, many others) to study the catalyst deactivation rates. Both 
projects apply the knowledge we have gained through model compounds to real systems. In both 
projects, we have support from refiners as well as collaborators in TEA to help evaluate our results. 
We have also submitted grants in collaboration with national labs aimed at advancing the knowledge 
gained through model compound studies to develop novel conversion routes using real feedstocks 
while collaborating with other universities to incorporate LCA and TEA. These projects would not have 
been possible without the support from the current grant.  
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W/F = 0.2 h, Temp = 250oC, 
H2/Feed ratio = 25,  

Pressure = 1atm,  

TOS = 15 min. 

H
yd

ro
ge

na
tio

n 
yi

el
d 

(%
) 

Sitthisa, Pham, Prasomsri, Sooknoi, Mallinson, Resasco, J. Catalysis, 280 (2011) 17-27  

Dramatic increase in 
yield of furfuryl alcohol 
on the Pd-Cu catalyst 
with high selectivity. 

 

Pd-Cu alloy enhances yield of furfuryl alcohol 



•  

 Decarbonylation drastically decreased 
when Fe was added to Pd.  
 
 FAL hydrogenolysis goes mostly 
through FOL – via hydrogenation. 

Pd-Fe/SiO2 

O
OH

•Pd 
 

•At low T and high W/F 

Product selecivity control by modifying surface intermediates  



Liquid Phase Biphasic condensation over MgO/CNT/Pd 

STEP 1:   
Based- 
catalyzed  
aldol 
condensation: 
-  MgO 
nanoparticles 

Need to 
hydrogenate 
in oil phase 

ONLY 

OH

OCH3

OH

CH3CH3

+ H2+ H2

OH

OCH3

OH

CH3CH3

+ H2+ H2

Low T 

+ H2 

Pd Only on 
Oil side STEP 2:   

Temperature 
Staged  
Hydrogenation  
 

High T 

Importance of Phase Selectivity 
To Maximize Yield 

Crossley, Sen, Faria, Resasco  

SCIENCE, 327, 68-72 (2010) 



 conversion over H-Beta yields branched oxygenates 

Yield of hydrocarbons is 
very small. 
 
The major reaction is 
transalkylation 
alkylation. 
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PHENOL 
CRESOL  

AND XYLENOL  
ARE 

DOMINANT 
PRODUCTS 

 
 
 
 

T=400 ºC,  P=1 
atm, H2/Anisole = 
50 , 
TOS= 0.5 h.  

Bifunctional transalkylation 
and hydrodeoxygenation of 

anisole over a Pt/HBeta 
catalyst  J. Catalysis,  

 (2011)  
X. Zhu, L. Lobban, R.G. 

Mallinson, D.E. Resasco 
  



Reaction conditions: T=400 ºC, P=1 atm, H2/Anisole=50, TOS= 0.5 h.  

conversion over 1% Pt/SiO2  HDO with loss of methyl  

One carbon is lost by 
methane formation. 

 

Phenols is the primary 
product, and can be 
hydrodeoxygenated to 
benzene. 

 

Benzene can be further 
hydrogenated to 
cyclohexane which is 
undesirable. 

 

 

Bifunctional transalkylation 
and hydrodeoxygenation of 

anisole over a Pt/HBeta 
catalyst  J. Catalysis,  

(2011)  
X. Zhu, L. Lobban, R.G. 

Mallinson, D.E. Resasco 
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