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HYDROPYROLYSIS

invention relates tc a hydropyrolysis

and

Ba

5 transportation
fus
be accesszed and recoverec
ing ceonstraints on the carbon
10

15 materials {(e.g., woad), aguatic

aguatic plants, and seaweed) and animal by-products and

wastes (e.g., coffal, fats; and sewage sludge).
Transportation fuels produced from blomass are sometimes
referred to as biofuels. Therefore, when using such

20 biofuels, it may be possible to achieve more sustaivnable
CC. emissions over petroleum-cderived fuels.

However, in the conventional pyrolysis of biomass,

carried cut in an inert

fast pyrol

J

atmosphere, a dense, acidic, reactive liguid bio-oil

25 product is obtained, whi contains water, oils and char
formed during the process. The use of bilo-oils produced
via conventional pyrolys iz, therefore, subject to
several drawbacks. These include increased chemical
reactivity, water miscib: ty, high oxzygen content and low

30 heating value of the product. Often these products are

difficult to upgrade to fungible liguid hydrocarben fuels.
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A

An effic

ality liguid

subsequent developed by

processes for the coaversion of bi

ticn and a subsequent hydr

wood products

1id w

iignocellulosic material) are important feedstocks for

biomass to fuel processes due Lo their

large scale. Lignoce lose comprises a mixture of lignin,

ivleose and hemicell

in any proportion and usually

also contalins ash and moisture.

The hydropyrolysis stage of the process described
WO2010117437 utilises a hvdropyrolysis catalyst. Typical
hyvdropyrolysis catalysts uvsed in this process comprise a

3

ore of cobalt or nickel in combination with molybdenum

mi
and phosphorus on a gamma alumina carrier. The

hydropyrolysis reaction takes place in a bubbling

fiuidised bed reactor in which biocmass is fed to the

tom of the reactor. The

OA

is rapidly heated in

contact with hot hydropyrolysis catalyst under a hydrogsn

atmosphere, The cataly

must have ce

respect to size and density in ordsr

I

filuidisad ked with the necessary flow and reaction. Soms
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cut of the top of the b

1]

hydropyrolysis proeduct

Cptimising the density of the ¢ 1lyst par

ration from the ch

through downcomers and to be

ctor bedy with minimal heat

as peing of the cor
catalyst must
area regquilred
Ve

Summary of the Invention

said . corprisi maolybde

thoze in groups &, 2 and 10

table as active species and in the range ©

¢Owt? of alpha alumina with a particle den
3.5 g/cm’ and 30 to 60wt of an alumina, wh

alumina, with a particie density of at lea

welght of the catalys

The present invention also provides

alumina

an alr

v and all

present invention provides a hydropyroly:

from those in 8,

PCT/US2024/011164

ed and must be

and char.

[oF

ticles woul

ow catalyst to

is

Ul

num and a metal
of the psriodic
f from 235 to

sity of at least

iich is not alipha

st 0.8 g/em

a method of

producing a hydropyvrolysis catalyst, said process

wilth a partic]

ina precurscr, a

O ey A0 o
S anag 10 of

the pericdic table, a molybdenum source, water and an acid

ed from acetic acid and nitric acid;

ture and then

extruding and drying the m

a temperature 1n the range of from at least

most 900°C to provide a finis catalyst.

iled Description of the

Cne or mors specific embodiments of

discliosure will ke described beslow. These

and

calcining it

450 °C and
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of

embodiments are examples

technigques. Additionally,

It

shoulid be

such

actual imp

design proiject,

made to achis

such as compliancs with

tTa
TSy,

ed constra

to anothar. Morecvar, it zhould

AR,

ort

elopment e
would

undesx

fabrication,

manufacture

kill

]
ol
[
<
)

having

of this discl

When troducing elements of various emb

the present disclosure, the articles “&,” v

are intended to mean that there are cne or

elements. The terms “compris

—:“‘/\'
SLNRG,

“having” are

and

intended to be inclusive mean

may be additional elements other than

tionally, 1t should be undesrstood

N

an

mbodiment” ox embodiment” of

sclosure are not intended to be

not all

migh

neverthel

odiments

listed

crenc

interpreted as

PCT/US2024/011164

features

in

any

On-

1t bea

and

benefit

the

of

and
that there

clements.

the present

excliuding

the nece of additional sodiments that also

recited features.

incorporate the

inventors have found that a

catalyst with optimised

of alpha

the

density

ugh the use alumina in

based on overall

finished catalyst

in combination wi

A simplified process for maki such a

the alumina/alumina precursors

weight of
h & non-alpha al
catalyst,

are co-mulled wi

can be
range of
the

umina.

in

whi
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ing and cal

developed.

gsant inventicn

The hydropyrolysis catalyst of

comprises ha and a non-alpha alumina. These

materia a carrier to and provide a surface for

active specles in the hydropyrolysis catalyst.

The alpha aluwnina 1ls present in the range of from 35

of the hvdropyrolysis
is present

2 overadil

arably at

the particle density of the alpha alumina is no wmore than

The alumina, which is not alpha alumina (texrmed

herein non-alpha alumina), in the hvdropyrolysis catalyst

is present in the range of from 30 to 50wt% based on the

Preferably,

overall weilght of the hydropyrolysis catalyst.

said non-alpha alumina in the range of from 35

based

of the hydropyrolysis

The non-alpha alumina has a particle density of at

preferably at least 1.0 g/cm’., Also

least 0.8g/cm®

preferably, the particle density of the non-alpha alumina

is no more 1.2 g/em’.

The part e density of the non-alpha alumina

produced from any precursor can readily be measured by

ining a peortion

particls density of

The ncn-alpha alumina mw any alumina which is

not alepha alumina. Gamma (v}, chi {x) and eta {n} aluminas

are preferred. Gamma alumina is particularly preferred.

PCT/US2024/011164
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molybdanum and a metal

and 10 of the

according to “Nomer

wdations 2005

IUPAC Recomar
9 and 10 of the periodic tabls
more of cokalt, iron, nickel,

more preferably, The metal

or

of

are one

©

pericdic tabl

The rmetal content of the metal ox

those in groups 5, 2 and 10 of the

Zz, and, most prefer

ot
;T'

= overall welight of the ¢

The metal conte

is catalvst is typically in an

most preferably, from 12wh®
the overall weight of the catalyst.

Th

sulfides, or reduced metallic

active catalyst.

Fhoshorus may also be incorporated in

hydropyrolysis cata

the content of the phosphorus in the hydrop

ferably from 2wt% to 4wt®

to 3wtz based on the

e
bly, from Zwt? te 12wt? based on

a
of the molvbdenum 1

species are typically pr

t as an active specles.

PCT/US2024/011164

n the

amount

from

[

esent as

form in

the

vrol VSIS
Y

in an amount in the range of

%, and,

cveralil

<

wysten may alsc be incorporated in

hydropyrolysis

species.

in groups 8,

amount in

L1WT2 T

To

based on

If present,

from
most

weight

the

4



[A)

L

[$3]

2
v}

(&3]

[en)

WO 2024/151815

ent in the hydropyrolysis

in an amount in the range of from

; preferably from to 10w based on the

YystT.

overall welght of the cate

The present invention methed of

producing said hydropyrolysi process

comprising the steps of co-mulling a mixture of an alphs

alumina with a particie ity of at least 3.5 g/cm® with
an alumina precursor, a source 1

tho

10 of

molybdanumn scurce, water and an acid

acid and nitric acid; extruding and drying the mizture and

it at a

r the from

N

at most 200°C to provide

ted from any malterial

bt

that will form a suitable pvreferably gamma, eta

or chi, alumina of a st

temperature in the range of from at least 450°C

most 900°C, This includes, buit is not limited to

N

boehimite, pseudoboehin

gibbsite, bayerite. A

=

+
193]
Q

preferred non-alpha alumi yamima alumina and the

preferred alumina precursor is pseudcboehmite.
The alumina precursor is preferably added in an

amount that will result in

of non-alpha alumina based on the overall weight of the

t in the finished

hydropyrolysis catalys

W
o
<,
Q.
-
O
o
<
=
o
‘....‘
@
s
n

and alumina precursor are comb

gcted from those in groups B

able and a molybdenum source

PCT/US2024/011164
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sources include, but are not limited

cobalt oxide, cobalt{II) nitrate

hexahydra

rel hydroxide,

and ni 1 oxide.

are not

Suitable molybdenum scurces

ed to, ronium heptamolybdate, moelybdenum trioxide,

aramoniur dimelyhdate and wmolybdenun dicoxide

al=so included suitable

phosphor: are not limited to

phosphoric acid and phosphorous

e
8]
o]
z
o
o
o
O,
o

Water and an acid

in

rably n:

the mixture for coprocessing. The

~hosen such

of the mixture is from to or more

eqguai to or lass % based on the

Total the catalyst preferably from

egual to or more Than 25 wh % fto egqual te or less than ob

and more preferably from em or more than 20 wt

% to egqual te or less than 60 wi %. It is noted that the

other inoredients of the catalyst contain water

in varicus

water, Crysc

of specifyving

amount of in a catalyst

on, it is therefore common and unambiguous to

quantify the Loss on at a gertaln temperature

(i.e, 700° €.y, LOI fact the total content of water

rms, pilus e.g. L0z released from carbonates,

plus voelatiles and comb

In a preferred embodiment, other additives may be

incorporated into the mi for coprocessi:

improving agents and/oxr trusion aids. & s

for inclusion in the mizture include fatty am
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vl py

niuvm and iodonium

compounds, alkylated aromat

carboxylic acidsz {such as

ohonated arcomatic compounds,

S
YL C

alcohoel sulphates, sulphat

salts, polyvoxyethyl

L0

polyvinylalcohol)

of

aids are px

v a preferred embodiment,

i acid, polyvinvialoohol and
methylcelliuiose are uszad.

Suitably the flow improving agents and/or the

axtrusion alds are mixed in the metal/alu

yhit percentages hetwesen U.5% and

mass of the mizture. Praeferably the total

to the mixture is

evern

more preferably from 1% to

zbly egual Lo or less

preferably egqual to or

The coprocessing may be toin any sultable

way To provi de a

During the

preferably egual

o or less

preferably ient

ag is carried out at

ssure of

PCT/US2024/011164
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erably i

iy availabls

may e emp wds of coproc

but are n

, mixing in a

mixing in z-blade m or using a mixntruder,

Trualicn ocouxr

at

a single unit,

Process, enerdy is put o b

apparatus. As a result of the enengy

mixturs MiRING Process

carris

C.,

than 80° C. Mozt preferably

out at room tempera

(about

appreciated that the mizture obtained in

bagy

the coprocessing step may not be of the desired size and

shape. The mixture is, therefore, shaped by extrusion.

ntional,

Extrusion may be ~ed using any

commercially available extruder., In particular, a scraw-

truding machine may be ussd to force the mizture

to vield

strands formed upon

a

"S50X W4

oe

suitably

a desirable . Average

for use in a commercial

dropyrolysis, are preferably

in to 0.60 mm, more preferably

in the range of from .40 mm to 0.60 mm, and most

preferaply in the range of from 0.45

PCT/US2024/011164
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The catalyst precurscr is then dried. The drying

temperature under which the step of dryving the catalyst

precursor is conducted should not exceed a calcination

emperature, Thusg, the dryving temperature should not exceed

at which the

400°C, and, preferably, the drying te

catalyst precursor 1s dried does not exceed

most preferably, the drying temperature does

250°C. It is understocd that this drying step wi

general, be conducted at lower temperatures than the

2, and, typicalily, the drying

ntioned te ratur

temperature will be conducted at a temperaturs in the range

~ G : = D~
from €0°C to 1307C.

The

‘ange of
and at most 900°C. Within this
temperature range, calcination will lead to the formation
of one or more aluminas other than alpha alumina. The
formation of alpha alumina requlires calcination at a higher

Temperature, e.g. 1050°C or higher. Preferably the

calcination is carried out at a temperature no higher than
700°C, more preferably no higher than 800°C.

A typlcal yrolysis process in which the

of the invention and/or produced according to the

)

process of the invention used is now described. This

process is non-limiting and is used here in merely to

o

strate the effect of the

A hydropyrolysis process generally comprises

o~

supplying a biomass feedstock and fluidising gas

rogen to a fluidised bed reactor compr:

comprising

“hydropyrolysis?” at is

a deox

wating or

perature and

operating at

“hydrepyrelyvsis” is used generally to

and

process by which a biomass feedstock is rapic
o

thermally decomposed, in the presence of s

PCT/US2024/011164
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consist

ing la

gas. The hydrcpyrolysis process provides a

from biomass cadstocks

PCT/US2024/011164

¢ hydropyrolysis

among

oT

1RTS,

oad

reactor

zone,

process generally comprises a

zone and opticnall nded solids

a secticn

{(i.e.,

diameter

tional

sectional area bed} at a

in

above the bulk reactor zone

particles from so

nors downcomers fiuidly ¢

zone located at or near

zone located at or near

and

mixing zone
reactor

ial

bed may be

the fluidised

zone of

fluidising gas having a superfic

carrying out the type of fluidisation

bubbliing bed fluidisation)

the biocmass feedstock, conditions

particular £ gas being used.

"‘I oror=10

idising gas comprising hy

ocity of than

0.1

generally greater

sgcoond (m/3) {e.g., from about w/a o

greater than 0.2 m/s {(e.g. from about 0.2

m/s), typically greater than about 0.3

pical hydropy
a buik rea
dize
weter
cr
suitabl
order to promote
olid

further

the bottom part of

pe

velocity

considering the proper
within the
will have a
apbout 0.1
about 20
m/s

m/a

ctorn

zone

ngagemsnt
oY Cross-
CYosa-

¢ height
the
catalyst
385 one
reactor

the

the

bulk reactor

yrimed with a

effective for

desired {e.qg.,

reactor,

In general, a

superficial
L meters ps=r
m/s),
to about 1.5

{e.g., from
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about 0.3 m/s to about 1.2 m/s), than

ocften grea

about 0.5 m/s {e.g., from about 0.5 wm/s tc about 1 m/s).

Suitable fluidising gas streams

hydrogen, but may
Prefer d._,u_ 7 s velooit of the
is the same as or highsr

than that in

peaking, a

ial

a
[92)

.zed bed as they do not =zink toe the

one skilled

and form depcsits. It within the ebility

comblnaticon

the art to s¢ suparii

gas velocity, length of zone and diameter of mixing

taking into consideration, for example, the rate at

the bicmass feedstock is fed inte the mixing zone,
the amcunt of catalyst circulated and partial pressure of

hydrogen within the reactor, the desired residence time of

the biomass, catalyst, and fiuvidising gas,

one skilled in the

within the ability

a suitable combination of superficial gas

of mixing zone and diameter of mizing zone such that

iomass from a bulk reactor zone

ki

bac r{IVLl!__LI‘ G of

above the mixing zone is negliligible, taking into

consideration, for example, the dimensions of

d the bulk reactor zone.

include a

C to 500°¢C,

and the desired composition of products that is

gsgure within the reactcocr iz

e
b=

PCT/US2024/011164
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ally in the range of from 0.50MPa to 7.50MPa. The

opsrating pressure of the fluidised bed reactor

cedstock that

5 upon the composi

undergo hydropyrolysi

]

£

5 composition of the (i.2. the hydrogen rich

gas purity) and the desired composition of

are to be obtained. The weight hourly spe

Freen e ove
(‘V\'Hu'\v/)

fiow rate

from about 0.1 hr'! to abcout 10 hx- !, typically from about

G.% hrt te about % hr', and often from about 0.8 hr— to

on velocity,

remains in the fluidised bed, while the char produced gets
entrained out of the reactor.
opvrolysis processes produces a

hydropy ractor output comprising a partial

20 deoxyganated hydropyrolysis product {e.g., in the form of

a condensable vapour), at least one non-coeondensable

., 20, C0s, and/ocr CHy), and char particles. As used

’D
L.Q

)

herein, the

deoxygenated hydropyrolysis

[

. s

product” may comprise oxmygenated hydrocarbons (

T

9.,

25 derived from cellulose, hemicellulos and/or lignin} that
may be subjected to more comple deoczygenation (e.g., to
produce hydreocarbons and remove ozxygen in the form of
CC, CO,, and/or water) in a subsequent (downstream)
hydroconversion process. oxygen contents of

30 the partially deoxvgenated hydropyrelysis product are

erally in the range

substantially all,

and/or other sclid particles (e.g.,
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ines) are remo

d from the hydr
reactor output to provide a purified hyvdrop

reactor vapour stream having a reduced

method of char and catalyst fines remova

5 limited, and = any method sultable

such hydropyrelysis srred method of char

and catalyst fine

&

particles may alsc be present

wle separaticn of the catalyst particles and

¢ bed without consi

15 The invention will now be further illiustrated by

reference to the following non-limiting exzamples.

A mixture wa

w

prepared from commercial Alpha alumina

20

powder sourced from Almat (Almatis CT 3000 8G),

commercial pseudoboehin prowder sourced from PIDC (PB

950), cobalt{II) nitrate hexzahydrate, molybdenum trioxide

powders in a ratio leading to an overall composition of

P

IwtE

32.75wt? gam

s alumina, 49.12wt%

alpha alumina, 3.

25 CoQ, 15% MoD: on a dry oxide mass weilght basis. To the
added, Nitric acid {1.5wtz),
polyvinyl alcohol {(Mowiol grade 18-88 from Kuraray, 1

and hydroxy methyicell (Methocel KI5M, 1wbtz)

extrusion alds {the guant are relative to the mass of

zed water such that the total

L
[en)

e}, and demin

F +

of water plus combustibles of the mixture amounts

as defined by

on
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e mizture

s kneaded and shap

the resulting extrudates were drisd at 140° C. for 2 hours

and subpssquently calcined at 500° C. for

of the catalyst are

Co, wt3 2.3
Mo, wts 10

1k density, g/ce 1.2

o f e
e F

me /g 135

N; BET Pore volume, co/g 0.18

M- BET Pore Diameter, nm

The catalyst prepared in Examplie 1 was used as a

hvdropvyrolyvsis catalvst in a bubbling fluidised bed
Y Y Y ¥ ¢

o
QJ

reactor. The catalyst was ground and sieved to a particle

micron to 500 micron. A second,

hydrotreating catalyst (corntaining ¥ and Y on Z) was dried

to remove molsture before weighing. The dr
hydrotreating catalyst, in the form of extrudates of 1.3

15 mm diameter and approximately 3 mm to & mm length, was

used as the Calyst in a second, fixed bed, reactor.

the nor the hydrotreating

underwent any activation treatment ({(such as

dation) pricr to loading in the reactor. The solid

20 used was sawdu a paper and pulp
3 co-product. The sawdust was sieved to a particle
of 250 micron te 500 micron.
The hydropyrolysis
filuvidised with a stream
o0 ~NF arryT o T matelas = el A F 4 . Ty
25 of approximately 435° C, After the

hydropyroly cataly had besn fluidised, the biomass

was introduced intce the reactor and processed in a
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Lous 1

mner. The rate

gradually ramped up to the

tor of

26 kg biomass

catalyst per hour.
rage temperature of the fluidised bed of

0% C. over the duration of biomass

processing. The bi

mixture of char, ash and vapours in the

tha vapcur phase products

ctor, while the catalyst

=2d in the

vat was attri

and the carrisd out of the bed as we

The solid product was separated from the vapour phase

product in a filter and the vapours were sent to the

second reactor. The average temperature of the second
stage hydrotreating catalyst was maintained at 2388

3
The bilomass feeding rate was gradually ramped up to the

B

final WHSV to the second stage of 0.36 kg biomass per kg

catalyst per hour. Operating pressure for both first and

second stage was vapour phase product

of second stage reactor was cocled in stages to -46° ¢,

and a two-1lz liguid product containing a hvdrocarbon

laver fleating on an agueous laver was recovered. The

hydrocarbon liguid was

from the agueous liguid
and was analysed. The off gas from the process was sent to
an online GC, and composition ¢f the gas was analysed

throughout the run. The mass balance and carbon balance of

the process ted from the mass and ana is of

the

gas g

id preducts and compositional information of ths

roduct, based on which

ted, It was

he

product contained

PCT/US2024/011164



WO 2024/151815 PCT/US2024/011164

tion limit of the instr <0.01 wts

s an e

agquecus product produced contained only 0.01 wt: carbon.

Thus, complete hydrodeoxygenation of the biomass was
L4 g 4 L2

ad preducing an oxygen-free hydrocarbon product, and

5 substantially carbon-free agusous phase. Resul

summarized in

“standard range” results which

when a typilcal hydrotreati

and molvbdenum ¢n alumina

Parameter Standard Range

i

Feedztaock Pinuvsg Sylvestric

i

st Stage CAT A

o

Second Stage

Catalyst

Hydrogen addition .y 5.22
},‘L..

13t Stage WABT

CAT B

b
b
[e3]

w3}
-3
(@]
N
= § ()
<
t
N
W
<

2nd Stage WABT (°C) 340-370

Pressuzre

s}
W
~
0
14
N
2
o

results demcnstrate

Exarplzs 1 provides res

.5 via hydrodecoxygenation, hydrocon

processes, That are withd

when conpared

process., Howeverxr, the catalyst made in

Examples 1 has a higher particle density (2 g/cm’) compared

(CAT A ~ 1 used in a typical

improved downco

reactor and excallent fluidisaticn bshaviour

within the bed, providing efficient heat management across

the reactor systen.
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t con

=1

1. A hydropyrolysis

cataly prig
molybdenum and one or more metal selected from those in

10 of the periodic table as acti

of

[$2]

particle dens

which is not alpha aluminea,
with a particle d

overall weight of

g)

U more w2

0.8g/cm? and no mo 1.2
c P
5 o/ om’.
4. A catalyst as claimed in L to 35

wherein the average catalvst particile in the rangs

of from 0.20 mm to 0.60 mm, more preferably in the range

r
of from 0.40 mm to 0.60 mm, and most preferably in the

G range of from 0.45 wmm to 0.55 mm.
5. A method ¢f producing a hydropyrelysis catalyst,
process comprising the steps of:
coprocessing a re of an alpha
density of at least 3.5 g/cm® with
5 source of a metal selected from those in 8, ¢ and 10 of
the periodic table, a molvbden source, walter and an acid
lected from acetic acid and nitric acid; and
extruoding and drying the mixture and then ca
a in the range of from at least

-

C
=
s
A
7
¢
©
<
-
(]
of
-

provide a finished catalyst.
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aa claimed in Claim 5, wherein the alumi

precursor is selected

cin the

W

rusion ailds ted from ons or

mixturs

more of citric acid, polyvinylalcohol and

hiyd hylc OsE.

hydropvrolysiz of bilowmass, said

=y
[a3]

of contacting biomass with

bubbling fluidised bhed

to any one of Claims

of Claims 5 to 7.
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