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Catalytic pyrolysis provides a pathway from biomass
to hydrocarbon fuels and chemicals
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Catalytic upgrading enables hydrotreating by

stabilizing bio-oil
Pyrolysis Vapors
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Catalytic Upgrading Goals
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1. Stabilize Bio-oil by deoxygenation and cracking
2. Maintain high carbon yields to bio-oil
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Catalytic upgrading goals are in tension with each

otehr

1. Stabilize Bio-oil by 2. Maintain high carbon
deoxygenation and cracking yields to bio-oil
= Less Bio-oil O requires less
H, during hydroprocessing
= 5wt.%less O reduced
fuel selling price by
over 10 %
= O groups in bio-oil can
cause instability and
processing challenges

Dutta, A. et al https://doi.org/10.2172/1805204



Catalytic upgrading goals are in tension with each

otehr
1. Stabilize Bio-oil by 2. Maintain high carbon
deoxygenation and cracking vields to bio-oil
= Less Bio-oil O requires less = Feedstock cost is a major
H, during hydroprocessing contributor to fuel selling
= 5wt.%less O reduced price
fuel selling price by = 3 % higher carbon
over 10 % yield to bio-oil
= O groups in bio-oil can reduced fuel selling
cause instability and price by 8 %.

processing challenges
Dutta, A. et al https://doi.org/10.2172/1805204



Catalytic upgrading goals are in tension with each
other

deoxygenation and cracking

1. Stabilize Bio-oil by

Bio-Qil C Yield
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Bio-0il O Content

2. Maintain high carbon
vields to bio-oil

Bio-oil O content and C yield
are often correlated
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Catalytic upgrading goals are in tension with each
other

1. Stabilize Bio-oil by 2. Maintain high carbon
deoxygenation and cracking vields to bio-oil

Bio-oil O content and C yield

©

sl e . are often correlated

ol . Lower severity

= High O, Highvield  |ncrease severity by

1 : -

= o Righ severity mc.reasmg temperature or
Low O, Low yield increasing biomass to

Bio-0il O Content catalyst ratio
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Catalytic upgrading goals are in tension with each
other

1. Stabilize Bio-oil by 2. Maintain high carbon
deoxygenation and cracking yields to bio-ail
A
5 | This Work*' “““ Bio-oil O content and C yield
= 1 ““““ are often correlated
Ol ] T e e e e e = — -
= l "Zeolite modification can
ol 7 Ibreak scaling relatlonshlp,I
2 . . . .
I increasing yield while |
> | .
Bio-Oil O Content N lowering O content |
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/SM-5 uses acid sites to upgrade pyrolysis vapors

Modify formed
material to enable o
use in semi- '
integrated Formed ZSM-5
ﬂusgggszed catalyst
| d=0.5-1mm
Fluidizable

20 wt. % Al,O; Binder
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Veses, A. et al. ACS Sus. Chem. Eng. (2016) ! Gao, L. et al. Bioresour. Technol. (2017)
1. Dope ZSM-5 with coupling ions Zr or Mg 12, Mix ZsM-5 with hydrotalcite (HT) for coupling

M M Create

O physical
mixture of
ZSM-5 + HT
N\ (10 wt.%)
N o
(@)

Aldol Condensation

Use incipient
wetness to add

Form Use incipient
mesopores via wetness to add
catalyst A

steaming

molecules

3. Introduce mesoporosity to increase access I 4. Dope ZSM-5 with P to control acidity and coking

Gamliel, D. P et al. Appl. Catal. A. (2016) . Van der Bij, H. E. et al. Chem. Soc. Rev. (2015)



Catalysts were screened at small scale to identify

the most promising candidates

Test the ability of 12 catalysts to:

1. Maximize detectable molecules with 6+ carbon atoms that can
be transformed into fuels (crack large molecules without
overcracking)

2. Remove oxygen from the products (deoxygenation)

Utilize tandem micro-reactor from Frontier for these experiments
with 0.5 mg pine biomass with 5 mg catalyst
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Catalysts were screened at small scale to identify

the most promising candidates

Catalysis T = 500 °C, Pyrolysis T = 500 °C, Biomass/Catalyst = 0.2, Average of 3 measurements
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Catalysts were screened at small scale to identify

the most promising candidates

Catalysis T = 500 °C, Pyrolysis T = 500 °C, Biomass/Catalyst = 0.2, Average of 3 measurements

JF% ............. ++Jr+

30

Unmodified
2.5 wt% P
1 wt% Zr
2.5 wt% Zr
10 wt% HT
Steamed
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Catalysts were screened at small scale to identify

the most promising candidates

Catalysis T = 500 °C, Pyrolysis T = 500 °C, Biomass/Catalyst = 0.2, Average of 3 measurements

Unmodified
1 wt% Zr
2.5 wt% Zr
10 wt% HT
Steamed

increased

—

= Low P and Zrloadings and H
Co6+
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Catalysts were screened at small scale to identify

the most promising candidates

Catalysis T = 500 °C, Pyrolysis T = 500 °C, Biomass/Catalyst = 0.2, Average of 3 measurements

Jr ............. e

30

ar

Steamed

Unmodified
2.5wt% P
5wt% P

1 wt% Zr
2.5 wt% Zr
5wt% Zr
10 wt% HT

increased

—

= Low P and Zrloadings and H

Co6+
= Mg and steaming lowered C6+ yield

National Laboratory of the Rockies | 16



Catalysts were screened at small scale to identify

the most promising candidates

Catalysis T = 500 °C, Pyrolysis T = 500 °C, Biomass/Catalyst = 0.2, Average of 3 measurements
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= Low P and Zr loadings and HT increased

Co+
= Mg and steaming lowered C6+ yield
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Catalysts were screened at small scale to identify

the most promising candidates

Catalysis T = 500 °C, Pyrolysis T = 500 °C, Biomass/Catalyst = 0.2, Average of 3 measurements
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= Low P and Zr loadings and HT increased = Zr and HT decreased oxygenates
Co6+

= Mg and steaming lowered C6+ yield
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Catalysts were screened at small scale to identify

the most promising candidates

Catalysis T = 500 °C, Pyrolysis T = 500 °C, Biomass/Catalyst = 0.2, Average of 3 measurements
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Zr and HT decreased oxygenates

= Low P and Zr loadings and HT increased
Adding P or Mg increased oxygenates

Co+
= Mg and steaming lowered C6+ yield
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Catalysts were screened at small scale to identify

the most promising candidates

Catalysis T = 500 °C, Pyrolysis T = 500 °C, Biomass/Catalyst = 0.2, Average of 3 measurements
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= Low P and Zr loadings and HT increased = Zr and HT decreased oxygenates
Co+ = Adding P or Mg increased oxygenates

= All 5 wt. % loadings increased
oxygenates

= Mg and steaming lowered C6+ yield
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Catalysts were screened at small scale to identify

the most promising candidates

Catalysis T = 500 °C, Pyrolysis T = 500 °C, Biomass/Catalyst = 0.2, Average of 3 measurements
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= Low P and Zr loadings and HT increased = Zr and HT decreased oxygenates
Co+ = Adding P or Mg increased oxygenates
= Mg and steaming lowered C6+ yield = All 5 wt. % loadings increased
oxygenates

Target 2.5 wt. % P for large scale testing

National Laboratory of the Rockies | 21



Added P interacts with catalyst Al to moderate

strong acidity

TCD Intensity [Arb. Units]

IJ\

v,

Weak Strong

N

2. Parent ZSM-5 contains both weak and

site density

strong acid sites

| | ' |
200 300 400
Temperature [°C]

Use NH; TPD to quantify catalyst acid
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Added P interacts with catalyst Al to moderate

strong acidity

TCD Intensity [Arb. Units]

Strong

— ZSM-5

— 2.5%-P-ZSM-5

2

1%-P-ZSM-5

5%-P-ZSM5

I
200

I T I
300 400
Temperature [°C]

. Use NH; TPD to quantify catalyst acid

site density

. Parent ZSM-5 contains both weak and

strong acid sites

. Addition of P diminishes strong acidity
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Utilize continuous reactor to evaluate catalyst performance

and close mass balances

Cyclone Bubbling Bed
Catalytic
Upgrader Condensation train
Hot 3 °C Condenser
| G = Electrostatic precipitator
Bubbling Fﬂf:r = 3xdryice condensers
Bed l —1 Gasesto
Pyrolyzer mTBnllne analytical
Char ."
Spent
Catalyst
‘ Catalyst Scale: 100 g (formed)
Nitrogen Analytical: Mass Spectrometry, microGC,

moisture sensor, NDIR, post reaction catalyst and
product fraction characterization

Oil recovery: 100's mL

Mass balance closure: + 5%



Compare 2.5 wt. % P-ZSM-5 to unmodified ZSM-5 in

continuous Process

= 500 °C pyrolysis 300 g/hour of a 1 wt. % ash pine feedstock
= Upgrade vapors at 500 °C and a B/C of 2.7

Adding 2.5 wt. % P to ZSM-5

caused:

= A19% relative
improvement in bio-oil
yield

= A 25% relative decrease in
coke

= A 5% relative decrease in
permanent gas production

= Anincrease in oil O
content

Wrasman, C. et al. ACS Sus. Chem. Eng. 2025

10205 wt. % 0 22.7wt. % O
807
7.1% 7.2 %
° 60 6.1% 6.0%

>_
S0l | 225% 3% | 268%
1
126% -32% | 94%
20+

ZSM-5 P-ZSM-5

Permanent Gases
Condensable Gases
Agueous

Bio-Oil

Coke

Char

BEECEN
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Compare modified catalyst to existing CFP data

® ZSM-5Data
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Bio-Oil O Content [wt. %]

= CFP results of pine/forest
residue blend (1 wt. % ash)

over ZSM-5
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P-ZSM-5 Results with C vs O

30

N
&)
|

Bio-Oil C Yield [%]
N
o
|

N
(&)
|

10

® ZSM-5 Data
B Baseline Point
+ P-ZSM-5
°* 4%
=
o /"
TEl,
o. e ° ®
<

I I |
12 14 16 18 20 22
Bio-Oil O Content [wt. %]

24

CFP results of pine/forest
residue blend (1 wt. % ash)
over ZSM-5

Addition of P showed similar
performance to lowering
severity of CFP
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Veses, A. et al. ACS Sus. Chem. Eng. (2016) ! Gao, L. et al. Bioresour. Technol. (2017)
1. Dope ZSM-5 with coupling ions Zr or Mg 12, Mix ZsM-5 with hydrotalcite (HT) for coupling

M M Create

O physical
mixture of
ZSM-5 + HT
N\ (10 wt.%)
N o
(@)

Aldol Condensation

Use incipient
wetness to add

Form Use incipient
mesopores via wetness to add
catalyst A

steaming

molecules

3. Introduce mesoporosity to increase access I 4. Dope ZSM-5 with P to control acidity and coking

Gamliel, D. P et al. Appl. Catal. A. (2016) . Van der Bij, H. E. et al. Chem. Soc. Rev. (2015)



1 Gao, L. et al. Bioresour. Technol. (2017)
2 Mix ZSM-5 with hydrotalcite (HT) for couplin

M Create
O physical
mixture of
ZSM-5 + HT
(10 wt.%)
N O

Aldol Tondensation

Use incipient
wetness to add

AN

: 4. Dope ZSM-5 with P to control acidity and col

_ Van der Bij, H. E. et al. Chem. Soc. Rev. (2015)



Can benefits of HT and P be
combined in a single
catalyst

1 Gao, L. et al. Bioresour. Technol. (2017)
2 Mix ZSM-5 with hydrotalcite (HT) for couplin

M Create

O physical
mixture of
ZSM-5 + HT
N\ (10 wt %)
A\ ©

AIdoIQondensation

Use incipient
wetness to add

AN

|
I 4. Dope ZSM-5 with P to control acidity and col
_ Van der Bij, H. E. et al. Chem. Soc. Rev. (2015)



: I i
Can beneflts Of HT and P be : | .Gao, L. et al. BlOf'eSOUI’. Technol. (2017).
: : , 2. Mix ZSM-5 with hydrotalcite (HT) for couplin
combined in a single

M Create

catalyst o) physical
( mixture of
) ZSM-5 + HT
Formed ZSM-5 AAO“OM'%)
‘ AIdoIQondensation

. P-ZSM-5
Use incipient

‘ wetness to add

HT/P-ZSM-5 |
I 4. Dope ZSM-5 with P to control acidity and col
Van der Bij, H. E. et al. Chem. Soc. Rev. (2015)



Verify hierarchical catalyst using elemental mapping

Use STEM-EDS mapping of a single catalyst particle to understand site distribution
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Verify hierarchical catalyst using elemental mapping

Use STEM-EDS mapping of a single catalyst particle to understand site distribution

Hydrotalcite - MgAIO,

Binder P-Al,O,

P-ZSM-5 P'SiAIOx National Laboratory of the Rockies | 33



Verify hierarchical catalyst using elemental mapping

Use STCI)EM-EDS mapping of a single catalyst particle to understand site distribution
Xygen

Hydrotalcite - MgAIO = Oxygen throughout particle

Binder P-Al,O,

P-ZSM-5 P_SiAlox National Laboratory of the Rockies | 34




Verify hierarchical catalyst using elemental mapping

Use STEM-EDS mapping of a single catalyst particle to understand site distribution
Oxygen Silicon Aluminum

Hydrotalcite - MgAIO = Oxygen throughout particle
= Sj present in majority but not in Al voids

Binder P-Al,O,

P-ZSM-5 P_SiAlOX National Laboratory of the Rockies | 35




Verify hierarchical catalyst using elemental mapping

Use STEM-EDS mapping of a single catalyst particle to understand site distribution
Oxygen Silicon Aluminum Phosphorus

Hydrotalcite - MgAIO = Oxygen throughout particle
= Sj present in majority but not in Al voids

= P present throughout but preference for Al,O,

Binder P-Al, O,

. National Laboratory of the Rockies 36
P-ZSM-5 P-SiAlO, Y !




Verify hierarchical catalyst using elemental mapping

Use STEM-EDS mapping of a single catalyst particle to understand site distribution
Oxygen Silicon Aluminum Phosphorus

= Oxygen throughout particle

Si present in majority but not in Al voids
P present throughout but preference for Al,O,

Mg only located on particle exterior — hydrotalcite
shell

Binder P-Al, O,
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Hydrotalcite/P-ZSM-5 outperforms baseline catalyst

100-

80+

60-

40-

20+

12.2 %

+2.5%
7.7 % 7.3%
6.0 % 4.0%
22.9% +1.9% | 24.8%

-1.5%

10.7 %

Hydrotalcite/P-ZSM-

BOOC0EE

Wrasman, C. et al. Submitted

Permanent Gases
Condensable Gases
AAUSOUS  Adding 2.5 wt. % P and 20 wt. %
Coke hydrotalcite to ZSM-5 caused:
Char = A 8% relative improvement in
bio-oil yield
= A 12% relative decrease in
coke

= A 10% relative increase in
permanent gas production
= CO, is a product of
condensation
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Hydrotalcite/P-ZSM-5 outperforms baseline catalyst

100-

80+

60-

40-

20+

20.4wt. % O 18.3wt. % O
7.7% 7.3%
6.0 % -2.0% 10%

22.9% 24.8 %
12.2 % 10.7 %

Hydrotalcite/P-ZSM-

BOOC0EE

Permanent Gases
Condensable Gases

Agueous

Bio-Oil = Qil contains 2.1 wt. % less O
Coke than baseline

Char

= Aqueous carbon decreased
by 33% relative to ZSM-5
» GCMS analysis showed
adding hydrotalcite
eliminated <C5 aldehydes in
bio-oll
= These species have been
implicated in oll instability



% C Yield

Hydrotalcite/P-ZSM-5 combines advantages of P

and HT addition

1 Permanent Gases 1 Condensable Gases
1 Aqueous 1 Bio-Oil 71 Coke m Char

100

80

60

40

20

O_

20.4% 0O

7.7

6.0

22.9

18.3% 0

b
@ JOV)

24.8

22.7% 0

Combination of HT and P
maintains coke reduction of P
while also reducing oil O content
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P-ZSM-5 Results with C vs O

® ZSM-5 Data = CFP results of pine/forest
B Baseline Point - 0
3044 P.ZSM-5 residue blend (1 wt. % ash)
3 . 4 over ZSM-5
= 25+ Lo = Addition of P showed similar
2 sy performance to lowering
= 20- ot e severity of CFP
k! .
m
15
10 -

I I |
12 14 16 18 20 22 24
Bio-Oil O Content [wt. %]
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P-ZSM-5 Results with C vs O

o ZSM5Dala = CFP results of pine/forest
304+ P-ZSM-5 residue blend (1 wt. % ash)
~ A Hydrotalcite/P-ZSM-5 .. over ZSM-5
= 25+ A oW = Addition of P showed similar
2 sty performance to lowering
= 20- W severity of CFP
ke ¢ = Adding HT produced a
15- higher yield (~5% C) than
i expected for the O content
o ] = Would lower fuel costs by
12 14 16 18 20 22 24 ~10 %
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Catalytic pyrolysis offers many opportunities for

utilization of biomass and waste feedstocks
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