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Catalyst deactivation mitigation for biomass conversion

Catalysis for

= ChemCatBio is tackling overarching catalysis Biomass Conversion
challenges for biomass conversion, including improving
catalyst lifetime

» Biomass derived feedstocks bring new challenges to
catalyst longevity

S

= We present some examples on ChemCatBio’s efforts on et con [l owvnin i |
understanding and mitigating catalyst deactivation

= Zeolite and oxide catalysts for aqueous phase reaction - Mota
= Catalysts for pyrolysis vapor/oil upgrading spectes ﬂ improvement
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ChemCatBio is a national-lab led R&D consortium dedicated to
overcoming catalysis challenges for biomass conversion

» ChemCatBio is a node in DOE’s Energy Materials Network

= Our mission is to accelerate the development of catalysts and related technologies for the
commercialization of biomass-derived fuels and chemicals by leveraging unique capabilities
of the US DOE national laboratories

= Our team comprises over 100 researchers from 7 national labs and has published over 110
peer-reviewed manuscripts in the last 3 years

Advanced Synthesis and Modeling and Interactive
Characterization Tools

Multi-Scale Evaluation
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Catalysis challenges are pervasive in conversion of
biomass and waste feedstocks

Feedstock & Logistics . Pre-Treatment & Conversion . Final Products

Blopower
Simplified, generic (

conversion pathways
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Key Catalytic Bioenergy Processes Challenges due to Biomass Composition

* (Catalytic Upgrading of Biological Intermediates *  High oxygen content = Broad reaction space

*  Synthesis Gas Upgrading *  Diverse chemical functionalities = Competing reactions
*  (Catalytic Fast Pyrolysis * | High water content = Degradation of catalyst supports
*  Catalytic Upgrading of Aqueous/Gaseous Waste Streams * | _Impurities (S, N, alkali metals, Cl, etc.) = Poisoning

e Catalytic Hydroprocessing *  Multiple states and compositions (solid, liquid, or gas)

* Lignin Deconstruction and Upgrading *  Complex, heterogeneous mixture = Difficult to model
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Catalyst stability is no less important than activity and
selectivity

Performance windows in fuel and
chemical production processes

_ Industrial window

Stability 103 to 104 kg product /kg catalyst
Activity 0.1-10 g product/ml h
Selectivity  70-100 wt.%

G. Lange, Angew. Chem. Int. Ed. 2015, 54, 13186

Catalysis for
Biomass Conversion

« Among the three performance metrics, stability is usually the least explored, and the factors
that cause catalysts to die are the least understood, at a fundamental level...

» Mechanistic understanding of catalyst deactivation and developing strategies to extend

catalyst lifetime are vital to the success of process development S. Scott, ACS Catal. 2018, 8, 8597

Chem Bioenergy Technologies Office |



Biomass derived feedstocks bring new challenges to
catalyst longevity

Compared to fossil, most biomass derived feedstocks are

HO HO HO
= Complex, highly functionalized, unstable N N \
= Containing contaminates (from biomass or processing - ~o o
u n It) p-Coul_r|naryI Coni}f_|eryl Sina|_;|)yl

alcohol alcohol alcohol

= S, N containing species
» Ca, K, Mg, Na, Si, Fe, Cr...

OH
. . . .y o HO 0
= Requiring polar/aqueous and corrosive conditions “%ﬁww TN
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Connections between feedstock and catalyst with deactivation and
mitigation helps the development of robust catalytic process

Feedstock Catalyst Deactivation Mitigation

Heavy species Metal, carbide Fouling Regeneration
Cleaning
. . Sulfide Poisoning (S, M*) Reduction
Reactive species oxidation
Contaminants Acid-base/redox, Degradation Catalyst improvement

Metal oxides

fé?natg?ﬁgg Process improvement
id- . F ration
Water/ Acnd_ base/redox Phase transition eed separatio
corrosiveness Zeolite and ordered Deconstruction Feed pretreatment
porous solids Reaction Parameter
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Fouling of catalyst by heavy species and its potential
mitigation

Feedstock Catalyst Deactivation Mitigation

’MT‘-:tETl', carbide — \ Fou"ng

Heavy species R Regeneration

{ Sulfid | Cleaning

. . ) :

Reactive species | suiide I Poisoning (S, M gzg‘:;gz”

|

Acid-base/redox, . :

Contaminants | Metal oxides I Degradation Catalyst improvement

|

|

|

| Es?nig?ﬁgg Process improvement
id- .. F ration
Water/ Acnd_ base/redox | I Feec; sep;':! atto t
corrosiveness Zeolite and orderep [ . eed pretreatmen
\ porous solids_ ~» Reaction Parameter

Bio-oil hydrogenation — Ru/TiO, — fouling by heavy species — Regen. by cleaning

HMF to FDCA — metal — fouling by FDCA — special solvents or base

CFP - zeolite — fouling by condensation products / coke — regen. by oxidation

Bio-oil hydrotreating — sulfides — fouling by condensation products — bio-oil stabilization
» Aqueous ketonization — ZrO, — fouling by HMW from sugar — separation or regeneration
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Poisoning of catalyst by sulfur or inorganics and its
potential mitigation

Feedstock Catalyst Deactivation Mitigation

Heavy species Metal, carbide Fouling Regeneration
Sulfid Cleaning
. N :
Reactive species utde Poisoning (S, M ?ﬁgg;gz”
I Acid-base/redox, D dati Catalyst improvement
Contaminants Metal oxides S
fé?natg?ﬁgg Process improvement
id- .. F ration
Water/ Acid-base/redox Phase transition Feec; septa atto t
corrosiveness Zeolite and ordered BrecansieE o eed pretreatmen
porous solids Reaction Parameter

Bio-oil hydrogenation — Ru/TiO, — poisoning by S — cleaning

HTL Aqueous product CHG — Ru catalyst — poisoning by S — guard bed for S removal

Xylose to furfural — zeolite — poisoning by inorganics — feed cleaning and catalyst acid wash

Catalytic fast pyrolysis — zeolite — poisoning by inorganics —catalyst acid wash
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Liquid water causes significant issues of catalyst

degradation
Feedstock Catalyst Deactivation Mitigation
Heavy species Metal, carbide Fouling Regeneration

Metal oxides

/ fé?natg?ﬁgg Process improvement
id- . F ration
Water/ Acnd_ base/redox Phase transitio ,/' eed separatio
corrosiveness Zeolite and ordere Deconstruction Feed pretreatment
porous solids Reaction Parameter

. \ Cleaning
Reactive species / Sl Poisoning (S, M) ?gg:;gzﬂ
ESP . / / Acid-baselredox,\\ Degradation / Catalyst improvement

Aqueous hydrogenation — Ni/TiO, — Ni(OH), formation — catalyst surface hydrophobization
Aqueous hydrogenation — Cu/Al,O; — Cu leaching — overcoat by ALD

Aqueous ketonization — ZrO, — phase transition — La doped ZrO,

Aqueous dehydration — zeolite — deconstruction

Chem Bio
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Catalyst stability improvement for
aqueous phase reactions

= Stability of zeolite in aqueous phase

Sebastian Prodinger, Mirek Derewinski, Huamin Wang, Hui
Shi, Johannes Lercher

PNNL MS? and CTI LDRD

S. Prodinger et al., J. Am. Chem. Soc. 2016, 138, 4408
S. Prodinger, H. Wang, et al., Appl. Catal. B, 2018, 237, 996

» Enhanced Hydrothermal Stability of ZrO, for the
Ketonization of Acetic Acid in the Aqueous Condensed
Phase

Juan Lopez-Ruiz, Alan Cooper, and Karl Albrecht
BETO-ChemCatBio - Aqueous phase upgrading

J. Lopez-Ruiz, et al., ACS Catalysis, 2017, 7, 6400

Chem Bio

Stabilizing zeolites
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Zeolites show much improved activity in liquid water by
confinement but have stability issue

/\&V\ H BEA zeolite before and after treatment
“H0 in liquid water at 160 °C

10°
_ _ 4 Sample BET, V micropore, V mesopore,
1”*10-1 143t?kJ mol-* P m2/g cmdlg cmdlg
c BEA14 585 0.23 0.05
Em'?— 163 £ 4 kJ mol™’
S BEA14 + H,O 235 0.09 0.08
§10-3-

164 £ 4 kJ mol”! H,PO,
100.0022 l 0.0623 I 0.0;)24 I 0,0625
1T
« H,;0"in confines showed much higher * Hydrolysis of zeolite framework and partial
dehydration rate in liquid water dissolution of the crystal in liquid water

causes deconstruction
H. Shi, Nature Comm., 2017, 8, 15442

Chem
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Silanol defect is the cause for structural instability of
zeolites in hot liquid water

BEA zeolite before and after treatment
in liquid water at 160 °C

BET, V micropore, V mesopore,

\Y/ 298i-CP-MAS NMR

- Si(CH,),CI " Sample

m?/g cmi/g cmi/g

%_\@- @
) BEA14 585 0.23 0.05
BEA14 + H,0 235 0.09 0.08
e o
\T \T | BEA14-Si 300 0.12 0.02
Defective ppm Stabilized | geat4-si+H,0 255 0.10 0.18

 Internal silanol defects are known to be the primary active sites for framework hydrolysis.

» The silylation treatment improve material stability in hot liquid water and retain of crystallinity
and micro-porosity

S. Prodinger et al., J. Am. Chem. Soc. 2016, 138, 4408
Chem Bioenergy Technologies Office | 13



The concentration of intraporous water is directly related
to the rate of hydrolysis of zeolite framework

12 b e 100k Cyclohexanol dehydration ]
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» Reduction of the pore concentration of water is also the key to stabilizing a zeolite for
aqueous phase catalysis

» The concentration of Bronsted acid sites (therefore hydrated hydronium ions) is the most
important parameter determining the concentration of water in the zeolite pores

» The concentration of defect is only important at low concentrations of hydronium ions

S. Prodinger, H. Wang, et al,. Appl. Catal. B, 2018, 237, 996
Chem
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External hydrophobization can further improve zeolite
stability in liquid water

Lifetime {h)
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« External hydrophobization led to an
improved lifetime and activity,
presumably by retarding the diffusion of
liquid water into the pores

1400
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1000
goo

Goo

400

200

S. Prodinger, H. Wang, et al,. Appl. Catal. B, 2018, 237, 996

Chem

Bio
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Stabilizing zeolites

The tool box:
» Lower defect density by synthesizing in F-

» Lower water in pore by tuning Si/Al ratio and
external hydrophobicity

ChemcCatBio will leverage this knowledge for
developing stable catalyst for upgrading
biologically derived intermediates in liquid phase

Bioenergy Technologies Office | 15



Stable ZrO, catalysts enable direct catalytic upgrading of
aqueous carboxylic acids
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J. Lopez-Ruiz, et al., ACS Catalysis, 2017, 7, 6400
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Catalyst stability improvement for upgrading complex
pyrolysis vapor and liquid

Woody mp :
Biomass FREIE

Liquid

. ¢
) Biooil e ™ ENINEE D
Fast . Hydro-

treating = Fuel
Blendstock

Vapor CFP —)
= upgrading = “ Bio-oil |
\

¢ ¥
= Catalytic fast pyrolysis (CFP) catalyst » Fast pyrolysis oil stabilization catalyst
deactivation mechanism determination lifetime improvement
Huamin Wang, Fan Lin, Mike Griffin Huamin Wang, Mariefel Olarte, John Frye,
(NREL), Susan Habas (NREL), Josh Sue-Jane Lee, Miki Santosa, Alan Zacher,
Schaidle (NREL), Kinga Unocic (ORNL) Jae-Soon Choi (ORNL)
BETO- ChemCatBio - CDM&CFP&ACSC BETO — ChemCatBio — Fast pyrolysis

ACSC: Advanced Catalyst Synthesis and Characterization
Bioenergy Technologies Office | 17
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Bio-oil quality improvement by catalytic processes enable
hydrotreating to produce a hydrocarbon fuel blendstock

. =)  Bio-oil “ I stabilization amd
Fast

Woody mp :
Biomass FREIE

R
é _
Hydro-

treating = Fuel

Vapor CFP Blendstock
= upgrading = Bio-oil —

Liquid

» Fast pyrolysis with upgrading has great potential for whole biomass conversion to drop-in
hydrocarbon fuel at high yields

« Instability of fast pyrolysis bio-oil is the biggest challenge for bio-oil upgrading
 Bio-oil quality improvement enables direct hydrotreating

 Bio-oil stabilization by low temperature hydrogenation
» Pyrolysis vapor catalytic upgrading (CFP: catalytic fast pyrolysis)

Chem Bio Bioenergy Technologies Office | 18



Fast pyrolysis bio-oil stabilization by hydrogenation
using Ru catalyst enables its single-step hydrotreating

8IO °C 1?00(: 21}0 °C 32|0 °C 4{'.:0 °C

>
m m I€® Raw bio-oil, reactor plugged in <1 days
- B BlE Partially stabilized bio-oil, <4 days

- -

Y Y ili i0-0i ing >
Stabilization HDO Deeply stabilized bio-oil no plugging > 60 days
- >80°C Bio-oil 120-180 °C Sugars, sugar anhydrides =—p-Polyols
Thermochemical Polymerization Catalytic Hydrogenation Aldehydes Ketohes Alcohols
4EEE—— gmm—————— : —
e, H*| oL i Sugar Phenolics == Cycloalkanols
I U — 7 0« ! Species ! : i
. b R i Acetic Acid ==» CH,, CO,, Alcohol
Humin = «— L L Glucose  1+— Glucose to i
N ) A T l , Sorbitol and diols . Fuel
T | e ! Levoglucosan | Hydrogenation 1. HDO
Voo jk 1 1 _e
HOH,C/Q\EHD H Sta bl I |ZEd
'y ——+ Aldehyde .:_, Ketone/Aldehydes to WOOdy # Ru/TiO, -

i)

3 —_—— ..,_/'-L; CHy—y = CHy
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. . Bio-oil
nvﬂ?cww// Ketones : Alcohols Bio-oil 120.160°C, H,
OHH " =4 : :
|

ringsarationto © Hydrogenation of reactive carbonyl species

Shenol-aldehyde resin  Jion  Diee i | Alcohols stabilize the bio-oil and Ru catalyst is
: 1 L] . . ..
Conioncaionreasiony | Moo lie L. Hycrogenationto identified at an efficient catalyst
1 Alcohols
AIChE J 201359 888.  Patent UST671246. ACS Catal 20133 1047. Y- / H. Wang et al" ACS Sus. Chem. Eng v 2016’ 4’ 5533
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Sulfur poisoning and “coke” formation cause
deactivation of Ru catalyst for bio-oil hydrogenation

N
o

-
[&)]
|

(&)
1

H, addition (mmol/g bio-oil)
)

0

H, consumption vs TOS

Bio-oil A after sulfur removal
‘-. 39 ppm S

Sa~-4 0.86
Bio-oil A, 68 is‘\':“h"‘
io-oil A, 68 ppm S , T~ m _ -~

2.18
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Bio-oil -
= =* 39 ppm S 1436 55
T~ ~a» Bio-oil - 169 63
68 ppm S '

 Sulfur poisoning is the major deactivation mode

» Polymer formation (“coke”) also contributes to catalyst deactivation as a secondary
deactivation mode - over a sulfur poisoned catalyst

« Carbon species formation and surface area decrease on spent catalysts
H. Wang et al., ACS Sus. Chem. Eng., 2016, 4, 5533

Chem

A. Zacher et al., Biomass and Bioenergy, 2019, 125, 151
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Lowering sulfur content in bio-oil enables improved
catalyst stability for its hydrogenation

Carbonyl content vs TOS

9 2
®
HAHM, 82 ppm S ¢,
5 25 16 ,'," LAHM, 29 ppm S
2 2 A
E 2 Raw bio-oil P High ash / HALM, 75 ppm S,
E S: 55 ppm el £ 12 4 , o
- . !
E 15 Aor” = ”; ,’ LALM FCIC
o A . . c ! A
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5 il e o o9 . .- 1 Y g~
O05 .o !_!____‘,.—-.--,""." = 0.4 ‘.";‘ A + HAHM
L
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0 0 1 T T
0 50 100 150 200 0 50 100 150 200
TS Time on stream (hr)

» Lower sulfur content in bio-oil can be achieved by
« Bio-oil pretreatment over a base metal catalyst

« Biomass feedstock control _ ,
FCIC: Feedstock-Conversion Interface Consortium

A. Zacher et al., Biomass and Bioenergy, 2019, 125, 151 J. Klinger et al., ACS Sus. Chem. Eng., 2020, online
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Catalyst regeneration extends lifetime of Ru catalyst for
bio-oil hydrogenation

“Coke” Sulfur Hydrogen
removal solvent removal solv. and heat

Catalyst

Spent Polymer | Sulfur Re- ) Back i
catalyst Removal "| Removal "| reduction ac ) n
,], ,l, service

250 . .
] » Aregeneration protocol which could

remove sulfur and “coke” and therefore

200 - °
regenerate the catalyst was demonstrated

Pl e over a oak bio-oil
£ 100 « A multiple reactor system was proposed to
50 1 enable improved catalyst lifetime
: : | * Further development is required to apply
0 1 5 3 4 c e this method for other bio-oils
Test No.

A. Zacher et al., Biomass and Bioenergy, 2019, 125,
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Robust catalyst is the key for ex situ fixed bed CFP

| | 1 | | I

EX—SItu leed BEd CFP —— Aromatic Hydrocarbons

—— Partially Upgraded Oxygenates

—— Unreacted Oxygenates

H Pyrolysis 5
) Vapor : H ;
—— Bifunctional catalyst ¢
- Char E’
El; Combustor Ho.tl Gas Q@
I (Fluidized Filter £
& Bed) (Ti,
Upgraded 1 | T T T T T 1
Pyralysis
n . O O O O L N P
Circulating Vapor A rb'l“lmb(‘e on@stre;\m r‘;?in &

Sand

» Ex situ fixed bed CFP enables more diverse catalysts and chemistry and requires long
catalyst lifetime
» Understanding the deactivation mechanism of Pt/TiO, catalyst is critical to reach catalyst

lifetime target
ChemCatBio

Bioenergy Technologies Office |
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The change of a Pt/TiO, after a 200 h CFP testing was probed
by combining detailed characterization with kinetic study

ro; e Pt loading S-ZA- K content Pt HDO rate Acid-base Acetone Acetone
Ao, o (Wt.%) (m?/g) (ppm) dispersion  (umol/g/s) density rate TOR
)l\ - CG 08 o 1000 g0 (%) 4 oslmmolfg) {mmol/g/s) .. (s

0.7
0.08

Pt 0 . >0 800 60 3 03
40 0.2
05 600 0.06
T|02 0.4 30 40 2 0.2
400 0.04
03 o 0.1
B Fresh 02 20 : 01
0 200 0.02
I sSpent-regen. * []
P g ° 0 0 0 0 0 0 0 0

@ Active sites and activity largely
maintained and sulfur not found

g Dynamic Pt Loss of surface area

K accumulation . . .
0 particles O and acid base sites

» Change of Pt particle size and accumulation of K could potentially impact catalyst long-term
stability

ChemCatBio Bioenergy Technologies Office | 24



K accumulation on catalysts is widely observed in in situ
and ex situ CFP and hydropyrolysis

Elemental analysis of post-reaction Pt/TiO,
indicates K deposition on the leading edge
of the catalyst bed:

1. How is K distributed at the atomic scale
2. What is the impact on catalyst

performance
Bot sz
oy

\ confirms K
A deposition on
A the leading edge
) /-"‘ \J "\ of the catalyst
P \.. / bed. (ACSC)

298 296 294 292
Binding Energy (V)

Chem Bio

# Potassium
<100 ppm as prepared
i, Phosphorous
% <50 ppm as prepared
Elron
40 ppm as prepared
Wm Calcium CFP
7
] 58 ppm as prepared
|
0 500 1000 1500

Preliminary EDS-STEM imaging suggests a uniform
distribution of K across catalyst surface. (ACSC)
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Consequence of K accumulation on catalytic activity of CFP

catalysts was evaluated

Controlled deposition of K with various loading over Pt/TiO, for characterization and evaluation

STEM Surface area

Site density

= 80 - 015 ———— : 0.08
-6000 K K EDS mappmg - 3 Acid site density
. > -
5 60 2 ) L0.06
E £ 010
3 Z .. Ptdensit
g 40 2 WY o
8 S .
£ 2 005
»n 20 ° +0.02
2 AL B R
0 0 2000 4000 6000 0.00 0 2000 4000 6000> 0.00
K loading (ppm) K'loading (ppm)
« Kis uniformly distributed over catalyst » Kinfluences acid sites rather then metal

surface sites

Chem
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Consequence of K accumulation on catalytic activity of CFP
catalysts was evaluated

Controlled deposition of K with various loading over Pt/TiO, for characterization and evaluation

Tert-butyl-alcohol dehydration Cresol HDO o] 0
20 150 B 200 ’T/ Tl/ | —|
A\ Stronger L-site  Weaker B-site WeakerB slte Clean sample

—~ 020
- e ) 1
— - ~ (remote) interface interface
< ~ E . - - . &+ Rateconstant — e
@ 15§ < & 0151 ~ . 150
= 1100 2 =< RS e @
\
08; \ E (f_' E S o o _g) ® F i Pt particle 0_/0
: N o e "~ — - -—-=-= < Tl/ T| |/ ° Ti T
o 10 ‘\ \; § 0 10 ¢ E —_— i i 100 é Stronger L- snTe W-I;aker B-site Weaker B- sne Low K |°ading
g . % : a 8 (remote) (interface) (interface)
= . 50 ol % 2
8 54 . ] \6 0.05 -50 LL]N
< -— m- - - 5 a @
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04 T T T 0 x 0.00+ T T T 0 Tl Tl/ Tiv” T . .
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K Ioadlng (ppm) K Ioading (ppm) (remote) (interface) (interface)

» Interaction of K with active sites depends on K loading and leads to different catalytic
consequence

« Enabling catalyst performance prediction with TOS and catalyst regeneration development

Chem
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Summary

= ChemCatBio is tackling overarching catalysis challenges for
biomass conversion, including improving catalyst lifetime

= Biomass derived feedstocks bring new challenges to catalyst
longevity

= Examples on ChemCatBio’s efforts on understanding and
mitigating catalyst deactivation

Chem

Modification of zeolite and oxide catalysts enable improved stability
for aqueous phase reaction

Sulfur managing and catalyst regeneration extend Ru catalyst
lifetime for bio-oil stabilization

Foundational understanding of deactivation mechanism, especially
impact of inorganics, of Pt/TiO, CFP catalyst could lead to process
and catalyst lifetime improvement

Bio

Catalysis for
Biomass Conversion

Heavy
species

Metal

Metal
Contaminants  gxides

Water/
corrosiveness

Reactive
species 0

Deactivation  Mitigation

Poisoning

Fouling

Degradation

Attrition

Bioenergy Technologies Office |

Regeneration

Catalyst
improvement

Process
improvement

28



Acknowledgements

ﬂ \ Chem U.S. DEPARTMENT OF Energy Efficiency &
\ / Chemical Catalysis for Bioenergy ENERGY Renewab|e Energy
‘;‘"' Energy Materials Network Bioenergy Technologies Office
U.S. Department of Energy

Nichole Fitzgerald Andrea Bailey

PNNL NREL

F. Lin S. Prodinger S. Habas

D. Santosa M. Derewinski M. Griffin

J. Frye H. Shi J. Schaidle

S. Lee J. Lercher |
Y. Wang A. Zacher Thank yOU ]
|. Kutnyakov A. Padmaperuma ORNL

J. Lopez-Ruiz  C. Drennan J. Choi

A. Cooper D. Elliott K. Unocic

K. Albrecht R. Orth

M. Olarte

Chem Bioenergy Technologies Office |



	Addressing Unique �Catalyst Deactivation Challenges for Converting Biomass-Derived Feedstocks
	Catalyst deactivation mitigation for biomass conversion
	ChemCatBio is a national-lab led R&D consortium dedicated to overcoming catalysis challenges for biomass conversion
	Catalysis challenges are pervasive in conversion of biomass and waste feedstocks
	Catalyst stability is no less important than activity and selectivity
	Biomass derived feedstocks bring new challenges to catalyst longevity
	Connections between feedstock and catalyst with deactivation and mitigation helps the development of robust catalytic process
	Fouling of catalyst by heavy species and its potential mitigation
	Poisoning of catalyst by sulfur or inorganics and its potential mitigation
	Liquid water causes significant issues of catalyst degradation
	Catalyst stability improvement for aqueous phase reactions 
	Zeolites show much improved activity in liquid water by confinement but have stability issue
	Silanol defect is the cause for structural instability of zeolites in hot liquid water
	The concentration of intraporous water is directly related to the rate of hydrolysis of zeolite framework
	External hydrophobization can further improve zeolite stability in liquid water
	Stable ZrO2 catalysts enable direct catalytic upgrading of aqueous carboxylic acids
	Catalyst stability improvement for upgrading complex pyrolysis vapor and liquid
	Bio-oil quality improvement by catalytic processes enable hydrotreating to produce a hydrocarbon fuel blendstock
	Fast pyrolysis bio-oil stabilization by hydrogenation using Ru catalyst enables its single-step hydrotreating
	Sulfur poisoning and “coke” formation cause deactivation of Ru catalyst for bio-oil hydrogenation
	Lowering sulfur content in bio-oil enables improved catalyst stability for its hydrogenation
	Catalyst regeneration extends lifetime of Ru catalyst for bio-oil hydrogenation
	Robust catalyst is the key for ex situ fixed bed CFP
	The change of a Pt/TiO2 after a 200 h CFP testing was probed by combining detailed characterization with kinetic study
	Slide Number 25
	Consequence of K accumulation on catalytic activity of CFP catalysts was evaluated
	Consequence of K accumulation on catalytic activity of CFP catalysts was evaluated
	Summary
	Acknowledgements

