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Figure 1

(57) Abstract: This invention relates to a process for the conversion of biomass-derived vapours, comprising: - a catalytic step, wherein
at least part of the biomass-derived vapours are contacted with a catalyst at a temperature in the range from equal to or more than
350°C to equal to or less than 550°C, thereby producing a product mixture; and - a condensing step, wherein part of the product mixture
is condensed in one or more condensers, thereby forming a condensed product fraction and a gaseous product fraction; wherein at
least part of the gaseous product fraction is recycled to the catalytic step and combined with the biomass-derived vapours. The present
invention also relates a process for the conversion of a solid biomass material, comprising: - a pyrolysis step, wherein at least part
of the solid biomass material is pyrolysed, thereby producing biomass-derived vapours; - a catalytic step, wherein at least part of the

[Continued on next page]



WO 2018/01:5472 A1 ||} /000N OO

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KI, KN, KP,
KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
— as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

Published:
—  with international search report (Art. 21(3))

biomass-derived vapours are contacted with a catalyst at a temperature in the range from equal to or more than 350°C to equal to or
less than 550°C, thereby producing a product mixture; and - a condensing step, wherein part of the product mixture is condensed in one
or more condensers, thereby forming a condensed product fraction and a gaseous product fraction; wherein at least part of the gaseous
product fraction is recycled to the catalytic step and combined with the biomass-derived vapours.
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PROCESS FOR THE CONVERSION OF BIOMASS—-DERIVED VAPOURS AND
PROCESS FOR THE CONVERSION OF A SOLID BIOMASS MATERIAL.

Field of the Invention

This invention relates to a process for the
conversion of biomass-derived wvapours and a process for
the conversion of a solid biomass material.

Background of the invention

With the diminishing supply of fossil fuel resources,
the use of sustainable and renewable biomass as an energy
source is becoming increasingly important for the
production of fuels and/or chemicals. The use of a
biomass material as an energy source may also allow for a
more sustainable production of fuels and/or chemicals and
more sustainable CO, emissions that may help meet global
CO,; emissions standards under the Kyoto protocol. The
fuels and/or chemicals derived from biomass materials are
often referred to as biofuels and/or biochemicals.

Fuels and/or chemicals derived from non-edible
biomass materials, such as cellulosic materials, are
preferred as these do not compete with food production.
Most of these non-edible biomass materials, however, are
solid biomass materials that are cumbersome to convert.

In the past decades multiple processes have been
developed to convert solid biomass materials into vapours
and/or liquids. Examples of processes to convert solid
biomass materials into vapours and/or liquids include
pyrolysis processes, including so-called catalytic fast
pyrolysis processes. With the help of such processes
biomass—-derived vapours and/or liquids can be obtained.
These vapours and/or liquids can subsequently be

converted further to produce hydrocarbons that can be
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used as a fuel and/or chemical component or as a
precursor for such fuel and/or chemical component.

For example, WO02013/103872 describes a two-stage
reactor/process for the conversion of solid particulate
biomass material and includes a first stage in which
solid particulate biomass material is pyrolyzed to
primary reaction products, and a second stage in which
the primary reaction products are catalytically
converted. In the process as described in W02013/103872
the second stage is operated at a temperature higher than
that of the first stage.

In figure 1 of W02013/103872, a two-stage reactor is
shown, where biomass material, a l1lift gas and regenerated
catalyst particles are entering the first stage of a two-
stage reactor. After reaction in the two stages a
gas/vapour/solids mixture leaves overhead from the second
stage and is conveyed to a cyclone, where it is split
into a gas/vapour stream and a solids stream. The vapour
portion of the gas/vapour stream i1s condensed in a
fractionator, forming a liquid bio-0il and a gas stream
comprising non-condensables. It is indicated that this
gas—-stream can be removed and recycled to first stage of
the reactor as at least a part of the 1lift gas.

During catalytic fast pyrolysis processes such as
the one described in W02013/103872 a considerable amount
of carbon monoxide, carbon dioxide and other gasses are
produced. Such gasses are produced at the expense of the
production of hydrocarbons that could be useful as fuel
and/or chemical components or as a precursor therefore.

It would be an advancement in the art to provide a
process for the conversion of a solid biomass material

and/or biomass-derived vapours, which would allow for a
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reduction in gas production and an improved hydrocarbon
yield.
SUMMARY OF THE INVENTION

Such advancement has been achieved with the process
according to the invention. Accordingly, in a first
embodiment, the present invention provides a process for
the conversion of biomass-derived vapours, comprising:

— a catalytic step, wherein at least part of the biomass-
derived vapours are contacted with a catalyst at a
temperature in the range from equal to or more than 350°C
to equal to or less than 550°C, thereby producing a
product mixture; and

— a condensing step, wherein part of the product mixture
is condensed in one or more condensers, thereby forming a
condensed product fraction and a gaseous product
fraction;

wherein at least part of the gaseous product fraction is
recycled to the catalytic step and combined with the
biomass-derived vapours.

Preferably the biomass-derived vapours are derived
from a solid biomass material and more preferably the
biomass-derived vapours are pyrolysis wvapours obtained or
obtainable by pyrolysis of a solid biomass material.
Accordingly, in a second embodiment, the present
invention also provides a process for the conversion of a
solid biomass material, comprising:

- a pyrolysis step, wherein at least part of the solid
biomass material is pyrolysed, thereby producing biomass-—
derived wvapours;

- a catalytic step, wherein at least part of the biomass-
derived wvapours are contacted with a catalyst at a

temperature in the range from equal to or more than 350°C
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to equal to or less than 550°C, thereby producing a
product mixture; and

— a condensing step, wherein part of the product mixture
is condensed in one or more condensers, thereby forming a
condensed product fraction and a gaseous product
fraction;

wherein at least part of the gaseous product fraction is
recycled to the catalytic step and combined with the
biomass-derived vapours.

As illustrated in the examples, recycling at least
part of the gaseous product fraction to the catalytic
step instead or in addition to recycling such gaseous
product to a pyrolysis step advantageously allows one to
reduce gas-production and improve hydrocarbon yield.

Further, without wishing to be bound to any kind of
theory it 1s believed that recycling at least part of the
gaseous product fraction to the catalytic step can
improve the catalyst lifetime of the catalyst used in
this catalytic step.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1 schematically illustrates an experimental
set-up for a process according to the invention.

DETAILED DESCRIPTION OF THE INVENTION

By the word “comprising” respectively “comprise” is
herein understood “including” respectively “include”.

By biomass—-derived vapours are herein understood
vapours derived from a biomass material.

By a biomass material is herein understood a
composition of matter of bioclogical origin as opposed to
a composition of matter obtained or derived from
petroleum, natural gas or coal. Without wishing to be
bound by any kind of theory it is believed that such

biomass material may contain carbon-14 isotope in an
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abundance of about 0.0000000001 %, based on total moles
of carbon.

The biomass material may suitably comprise animal
fat, tallow and/or a solid biomass material. Preferably
the biomass material is a solid biomass material.

Preferably such a solid biomass material contains
cellulose and/or lignocellulose. Such a material
containing cellulose respectively lignocellulose is
herein also referred to as a "cellulosic", respectively
"lignocellulosic" material. By a cellulosic material is
herein understood a material containing cellulose and
optionally also lignin and/or hemicellulose. By a
lignocellulosic material is herein understood a material
containing cellulose and lignin and optionally
hemicellulose.

Preferably the solid biomass material is a
lignocellulosic material comprising equal to or more than
20 weight percent (wt.%) lignin, more preferably equal to
or more than 30 wt.% lignin, even more preferably equal
to or more than 40 wt.%$ lignin, still more preferably
equal to or more than 50wt.% lignin and possibly equal to
or more than 75wt.% lignin, based on the total weight of
lignocellulosic material. For practical purposes, the
lignocellulosic material may contain equal to or less
than 99 wt.% lignin, based on the total weight of
lignocellulosic material. For example, willow wood may
contain about 25 wt.%$ lignin, larch wood may contain
about 35 wt.% lignin, straw may contain about 14 wt.$%
lignin, beech wood may contain about 12-23 wt.% lignin
and coniferous wood may contain about 25-35 wt.% lignin,
based on the total weight of lignocellulosic material.

It is also possible for the solid biomass material

to be a lignin-containing material containing equal to or
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more than 90wt.% lignin and equal to or less than 100wt.%
lignin, based on the total weight of lignin-containing
material. More preferably such lignin-comprising material
consists essentially of lignin (i.e. comprises
essentially 100wt.% lignin based on the total weight of
the material). Examples of a lignin-containing material
with such high lignin contents include for example so-
called organosolv lignin.

Preferably the solid biomass material is not a material
used for food production.

Examples of suitable solid biomass materials include
agricultural wastes such as corn stover, soybean stover,
corn cobs, rice straw, rice hulls, oat hulls, corn fibre,
cereal straws such as wheat, barley, rye and oat straw;
grasses; forestry products and/or forestry residues such
as wood and wood-related materials such as sawdust; waste
paper; sugar processing residues such as bagasse and beet
pulp; or mixtures thereof. More preferably the solid
biomass material is selected from the group consisting of
wood, sawdust, straw, grass, bagasse, corn stover and/or
mixtures thereof. Preferred solid biomass materials also
include non-wood lignocellulosic biomass materials such
as grass-derived lignocellulosic biomass material.
Typical grasses include wheat straw, but also miscanthus,
sweet sorghum and bamboo.

A solid biomass material can suitably be first
converted into a biomass—-derived liquid and subsequently
such biomass-derived liquid can be at least partly
vapourized to produce biomass-derived vapours. It is also
possible for a solid biomass material to be directly
converted into biomass-derived vapours.

Preferably a solid biomass material is pyrolyzed

into biomass-derived vapours. The biomass—-derived wvapours
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are preferably pyrolysis vapours obtained or obtainable
by pyrolysis of a solid biomass material. Such pyrolysis
vapours obtained or obtainable by pyrolysis of a solid
biomass material are herein also referred to as biomass-
derived pyrolysis wvapours.

In a pyrolysis process a solid biomass material can
conveniently be directly converted into biomass-derived
vapours. In such a pyrolysis process solid biomass
material may conveniently be partly or wholly converted,
and is preferably wholly converted.

As indicated herein above, the present invention also
provides a process for the conversion of a solid biomass
material, comprising:

- a pyrolysis step, wherein at least part of the solid
biomass material is pyrolysed, thereby producing biomass-—
derived wvapours;

- a catalytic step, wherein at least part of the biomass-
derived vapours are contacted with a catalyst at a
temperature in the range from equal to or more than 350°C
to equal to or less than 550°C, thereby producing a
product mixture; and

— a condensing step, wherein part of the product mixture
is condensed in one or more condensers, thereby forming a
condensed product fraction and a gaseous product
fraction;

wherein at least part of the gaseous product fraction is
recycled to the catalytic step and combined with the
biomass-derived vapours.

The solid biomass material can optionally be washed,
steam exploded, dried, roasted, torrefied and/or reduced
in particle size before being pyrolyzed or being
converted via another process. In addition, if the solid

biomass material is a cellulosic or lignocellulosic
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material it can be demineralized before being pyrolyzed
or being converted via another process.

The solid biomass material preferably has a moisture
content in the range from equal to or more than 1 weight
percent (wt.%) to equal to or less than 20 wt.%. Any
optional drying of the solid biomass material can be
carried out by any method known by the person skilled in
the art to be suitable for drying of a biomass material.
If dried, the solid biomass material is preferably dried
at a temperature in the range from equal to or more than
100°C to equal to or less than 200°C. The solid biomass
material after drying may suitably have a water-content
of equal to or less than 20 wt.$%, more suitably of equal
to or less than 15 wt.% and most suitably of equal to or
less than 10 wt.%.

The solid biomass material can optiocnally be a
torrefied solid biomass material. By torrefying or
torrefaction is herein understood the treatment of the
solid biomass material at a temperature in the range from
equal to or more than 200°C to equal to or less than
350°C in the essential absence of a catalyst and in an
oxygen-poor, preferably an oxygen—-free, atmosphere.

If torrefied, the solid biomass material is
preferably torrefied at a temperature of more than 200°C,
more preferably at a temperature equal to or more than
210°C, still more preferably at a temperature equal to or
more than 220°C, yet more preferably at a temperature
equal to or more than 230°C. In addition torrefying of
the solid biomass material is preferably carried out at a
temperature less than 350°C, more preferably at a
temperature equal to or less than 330°C, still more
preferably at a temperature equal to or less than 310°C,

yet more preferably at a temperature equal to or less
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than 300°C. Preferably torrefaction of the solid biomass
material is carried out at atmospheric pressure (about 1
bar absolute, corresponding to about 0.1 MegaPascal).

Before being pyrolyzed or being converted via
another process, the solid biomass material is preferably
comminuted into small particles. Preferably, the solid
biomass material consists of solid biomass material
particles having a particle size distribution with a mean
particle size in the range from equal to or more than 10
micrometer, more preferably equal to or more than 50
micrometer, more preferably equal to or more than 100
micrometer, even more preferably equal to or more than
200 micrometer; to equal to or less than 3000 micrometer,
more preferably equal to or less than 1000 micrometer,
even more preferably equal to or less than 500 micrometer
and most preferably equal to or less than 300 micrometer.

By pyrolysis or pyrolyzing is herein understood the

decomposition of the solid biomass material, in the
presence or in the essential absence of a solid catalyst,
effected by heating the solid biomass material at a
temperature of equal to or more than 380°C. Preferably
pyrolysis is carried out in an oxygen-poor, preferably an
oxygen—-free, atmosphere. By an oxygen-poor atmosphere is
understood an atmosphere containing equal to or less than
10 volume percent (vol.%) oxygen, preferably equal to or
less than 5 vol. % oxygen and more preferably equal to or
less than 1 vol.% oxygen. By an oxygen—-free atmosphere is
understood an atmosphere where oxygen is essentially
absent.

The solid biomass material is preferably pyrolyzed
by heating the solid biomass material to a temperature of
equal to or more than 400°C, more preferably equal to or

more than 450°C, even more preferably equal to or more
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than 500°C and most preferably equal to or more than
525°C, and preferably equal to or less than 700°C, more
preferably equal to or less than 600°C and most
preferably equal to or less than 575°C.

More preferably the solid biomass material is
pyvrolyzed at a temperature in the range from equal to or
more than 400°C to equal to or less than 600°C. Most
preferably the temperature in any pyrolysis step is kept
higher than the temperature in the catalytic step.

The pressure at which the solid biomass material is
pyrolyzed can vary widely. Preferably this pressure lies
in the range from equal to or more than 0.5 bar absolute
(corresponding to 0.05 MegaPascal) to equal to or less
than 10 bar absolute (corresponding to 1 MegaPascal),
more preferably from equal to or more than 1.0 bar
absolute (corresponding to 0.1 MegaPascal) to equal to or
less than 3 bar absolute (corresponding to
0.3 MegaPascal), and most preferably atmospheric pressure
(i.e. about 1.0 bar absolute corresponding to about 0.1
MegaPascal) .

The pyrolysis step can be carried out in the
essential absence of an externally added catalyst or the
pyrolysis step can be carried out in the presence of one
or more catalyt(s). Any catalyst(s) used in the pyrolysis
step can be the same or different from any catalyst(s)
used in the catalytic step. If the solid biomass material
is contacted with a catalyst in the pyrolysis step, such
catalyst is preferably a solid catalyst, sometimes also
referred to as a heterogeneous catalyst. If present, the
catalyst (s) in the pyrolysis step can comprise any
catalyst (s) known to the skilled person to be suitable
for use in a catalytic fast pyrolysis process.

Preferably, any catalyst in the pyrolysis step contains a
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zeolite. Examples of suitable zeolites include mesoporous
zeolites. By a mesoporous zeolite is herein preferably
understood a zeolite containing pores with a pore
diameter in the range from 2-50 nanometer, in line with
IUPAC notation (see for example Rouquerol et al. (1994)
"Recommendations for the characterization of porous
solids (Technical Report)" Pure & Appl. Chem 66 (8)
1739-1758) .

If present, any catalyst in the pyrolysis step is
most preferably a MFI or MWW type of zeolite. Especially
preferred catalysts include ZSM-5 type zeolites, such as
for example Zeolyst 5524G and 8014 and Albemarle UPV-2.
The zeolites are preferably dispersed in an amorphous
matrix component. For example the catalyst may contain
amorphous silica alumina and one or more zeolites. In
addition, the catalyst preferably contains a binder
and/or a filler.

The pyrolysis step can further be carried out in the
presence or absence of a solid heating medium, such as
silica or sand.

The pyrolysis step can conveniently be carried out
in a reactor. Such a reactor can be any kind of reactor
known to the skilled person to be suitable for use in a
pyrolysis process, such as for example a fixed bed
reactor, fluidized bed reactor, entrained bed reactor or
a cyclonic reactor. More preferably the solid biomass
material is pyrolyzed in a fluidizing reactor.

By a fluidizing reactor is herein preferably
understood a reactor wherein the solid biomass material
is fluidized by introducing a carrier gas into such
fluidizing reactor. The fluidizing reactor can for
example be a riser reactor or a fluidized bed reactor,

such as a bubbling fluidized bed reactor. In a riser
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reactor the carrier gas is preferably introduced at a
location upstream of the location where the solid biomass
material is introduced.

The solid biomass material can be introduced into a
fluidizing reactor by any suitable type of feeding system
known in the art, for example with the help of one or
more hoppers and/or one or more a screw feeders.

The solid biomass material and any potential solid
catalyst and/or solid heating medium can suitably be
fluidized within any fluidizing reactor by introducing a
suitable carrier gas to such fluidizing reactor.

For example the carrier gas can include carbon
monoxide, carbon dioxide, nitrogen, steam, any C;-Cy
hydrocarbon (such as a C,;-C4 olefin or C,-Cs alkane) or a
mixture of any of these.

By a Cy—C, hydrocarbon (or an olefin or alkane,
respectively) is herein understood a hydrocarbon (or an
olefin or alkane, respectively) containing from equal to
or more than x carbon atoms to equal to or less than y
carbon atoms.

Preferably the C;-C, hydrocarbon is chosen from the
group consisting of methane, ethane, propane, butane,
ethene, propene and butene.

Preferably any C;-C, hydrocarbon carrier gas is
introduced into any fluidizing reactor in an amount from
equal to or more than 5wt.% to equal to or less than
50wt .%, more preferably in an amount from equal to or
more than 10wt.$ to equal to or less than 40wt.%, still
more preferably in an amount from equal to or more than
15wt.% to equal to or less than 35wt.%, and most
preferably in an amount from equal to or more than 15wt.%

to equal to or less than 30wt.% or even equal to or less
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than 25wt.%, where all weight percentages are based on
the total weight of the solid biomass material.

If a fluidizing reactor is used in the pyrolysis
step, preferably part of the gaseous product fraction is
recycled to the fluidizing reactor in such pyrolysis step
as at least part of the carrier gas. Without wishing to
be bound by any kind of theory it is believed that such a
recycle can further improve the catalyst lifetime of any
catalyst in the pyrolysis step and/or the subsequent
catalytic step.

If a fluidizing reactor is used in the pyrolysis
step, the fluidizing reactor is preferably a riser
reactor. By a riser reactor is herein preferably
understood an elongated, preferably essentially tube-
shaped, reactor. The elongated reactor is preferably
oriented in an essentially vertical manner. Examples of
suitable riser reactors are described in the Handbook
titled "Fluid Catalytic Cracking technology and
operations", by Joseph W. Wilson, published by PennWell
Publishing Company (1997), chapter 3, especially pages
101 to 112, herein incorporated by reference.

In the pyrolysis step the solid biomass material can
be heated in any manner known to the skilled person in
the art. The solid biomass material may for example be
suitably preheated before entering any reactor and be
subsequently heated further in the reactor where the
pyrolysis is to take place.

In a preferred embodiment the solid biomass material
is contacted with a solid heating medium, such as for
example silica or sand.

For example, when a fluidizing reactor is used, the
solid heating medium may be fluidized with the help of a

carrier gas as described above. In such case, the solid
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biomass material may be fluidized within fluidized hot
solid heating medium and subsequently the solid biomass
material may be pyrolysed with the heat provided by such
fluidized hot solid heating medium. Hereafter, the used
solid heating medium may be separated from the biomass-
derived wvapours, for example in a cyclone, and any
residual coke formed on the used solid heating medium may
be burned off in a regenerator to regenerate hot solid
heating medium. The coke that is burned off may
conveniently supply the heat needed to heat the solid
heating medium.

If present, the weight ratio of any solid heat
carrier material to the solid biomass material (i.e. the
solid heat carrier: solid biomass material weight ratio)
at the location where the materials are supplied to the
fluidizing reactor preferably lies in the range from
equal to or more than 1:1, more preferably from equal to
or more than 2:1 and most preferably from equal to or
more than 3:1 to equal to or less than 50:1, more
preferably to equal to or less than 10:1, most preferably
to equal to or less than 5:1.

In addition to the solid heating medium or instead
of the so0lid heating medium, a catalyst can be used as a
source of heat. In this case, the so0lid biomass material
can be contacted with a catalyst as described above.

For example, when a fluidizing reactor is used, the
catalyst may be fluidized with the help of a carrier gas
as described above in the fluidizing reactor. In such
case, the solid biomass material may be fluidized within
fluidized hot catalyst and subsequently the solid biomass
material may be pyrolyzed with the heat provided by such
fluidized catalyst. Hereafter, the used catalyst may be

separated from the biomass-derived vapours, for example
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in a cyclone, and any residual coke formed on the used
catalyst may be burned off in a regenerator to regenerate
hot catalyst. The coke that is burned off may
conveniently supply the heat needed to heat the catalyst.
If a catalyst is present, the weight ratio of

catalyst to solid biomass material (catalyst:solid
biomass material weight ratio) at the location where the
solid biomass material is supplied to the reactor
suitably lies in the range from equal to or more than
1:1, more preferably equal to or more than 2:1 to equal
to or less than 100:1, more preferably equal to or less
than 50:1.

The pyrolysis step can be carried out batch-wise,
semi-batch wise or continuously.

Suitably the pyrolysis step can be carried out at a
WHSV (weight hourly space velocity) that is equal to or
more than 0.05 hr ', more preferably equal to or more

than 0.10 hr{, and equal to or less than 40.0 hr{, more

preferably equal to or less than 10.0 hr*

and yet more
preferably equal to or less than 1.0 hrt.

Preferably the pyrolysis step comprises pyrolyzing at
least part of the solid biomass material by contacting
the solid biomass material with a catalyst and/or a solid
heat carrier medium at a temperature in the range from
equal to or more than 400°C to equal to or less than
600°C in a fluidizing reactor, whilst introducing a
carrier gas to the fluidizing reactor, thereby producing
biomass-derived vapours.

In addition to the biomass-derived vapours the
effluent of the pyrolysis step can potentially include
char, ash and/or any entrained catalyst particles and/or
solid heating medium particles. Preferably such potential

char, ash and/or any entrained catalyst particles and/or
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solid heating medium particles is/are separated from the
biomass—-derived vapours. The effluent of the pyrolysis
step 1s therefore preferably passed through a cyclone
and/or a ceramic hot gas filter to separate any char, ash
and/or any entrained catalyst particles and/or solid
heating medium particles from the biomass-derived
vapours. Such char, ash and/or any entrained catalyst
particles and/or solid heating medium particles can
conveniently be forwarded to a regenerator unit and/or be
disposed of in an environmentally friendly manner.

In the catalytic step at least part of the biomass-—
derived vapours are contacted with a catalyst at a
temperature in the range from equal to or more than 350°C
to equal to or less than 550°C to produce a product
mixture. Preferably such biomass—-derived vapours are
pyrolysis wvapours obtained or obtainable by pyrolysis of
a solid biomass material as described herein above.

The catalytic step can conveniently be carried out
in a reactor. More preferably the catalytic step is
carried out in a fixed bed reactor or a fluidizing
reactor, most preferably a fixed bed reactor.

The fluidizing reactor may be a fluidizing reactor
similar to the one described above for a pyrolysis step.
In one embodiment any pyrolysis step and the catalytic
step are carried out in the same reactor. The process
according to the invention therefore comprises a process
for the conversion of a solid biomass material,
containing the following steps:

(a) pyrolyzing at least part of the solid biomass
material by contacting the solid biomass material with a
catalyst at a temperature in the range from equal to or
more than 400°C to equal to or less than 600°C in a first

zone of a fluidizing reactor, thereby producing biomass-—
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derived wvapours;

(b) contacting at least part of the biomass-derived
vapours with a catalyst at a temperature in the range
from equal to or more than 350°C to equal to or less than
550°C in a second zone of the fluidizing reactor, thereby
producing a product mixture;

(c) condensing part of the product mixture, thereby
forming a condensed product fraction and a gaseous
product fraction,

wherein at least part of the gaseous product fraction is
recycled to step (b) and added to the biomass-derived
vapours in the second zone of the fluidizing reactor.

For this embodiment the catalysts in step (a) and
(b) are preferably the same. Further preferences for step
(a) in this embodiment are as described for the pyrolysis
step above. Preferences for step (b) are as described for
the catalytic step below and preferences for step (c¢) are
as described for the condensing step below.

Preferably, however, the catalytic step is carried
out in a different reactor than any pyrolysis step. More
preferably the catalytic step is carried out in one or
more fixed bed reactors whilst any optional pyrolysis
step is carried out in a fluidizing reactor. For example
the catalytic step may be carried out in two fixed bed
reactors operated in swing mode.

The preferences as described herein for the
catalytic step apply to both the catalytic step in the
process for the conversion of biomass—-derived vapours and
the catalytic step in the process for the conversion of a
solid biomass material.

The catalyst in the catalytic step is preferably a
MFI or MWW type zeolite catalyst. The catalysts

preferably have a pore size ranging from 0.5 to 0.6nm and
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have a strong acidity. A preferred MWW type zeolite is
MCM-22. By a MFI type zeolite is herein understood a
zeolite having the characteristics of the MFI type as
listed in the database approved by the Structure
Commission of the International Zeolite Association (IZA-
SC)that can be found at http://www.iza-
structure.org/databases. More preferably, the catalyst in
the catalytic step is a MFI type zeolite, even more
preferably a zeolite belonging to the so-called pentasil
family of zeolites. A highly preferred zeolite 1is ZSM-5,
which has a pore structure that selectively creates mono-—
aromatics. A further preferred catalyst comprises ZSM-5
nanosheet material, which - similar to MFI nanosheets -
has a multilamellar structure.

In a further embodiment of the invention, the MFI
type zeolite catalyst is a mesoporous catalyst.

In the article titled "In situ assembly of zeolite
nanocrystals into mesoporous aggregate with single-
crystal like morphology without secondary template" by
Yunming Fang et al. published in Chem. Mater. Vol. 20,
pages 1670-1672 (2008) the synthesis of a so-called
mesoporous ZSM-5 zeolite is described. A uniform
mesoporous aggregate of zeolite nanocrystals with size
smaller than 1 micrometer was formed. This is an example
of a preferred mesoporous zZSM-5 catalyst.

The volume of mesopores (also called mesopore volume,
cm?/gram) in the MFI-type zeolite may vary widely.
Preferably, however, the mesoporous volume lies in the
range from equal to or more than 0.10 cm’/gram, more
preferably from equal to or more than 0.20 cm’/gram, and
most preferably from equal to or more than 0.30 cm?/gram

to equal to or less than 1.50 cm’/gram, more preferably
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from equal to or less than 1.25 cm’/gram, most preferably
equal to or less than 1.00 cm’/gram.

The pore volumes of the zeolite catalyst can suitably
be determined by nitrogen adsorption analysis according
to ASTM standard ASTM D5604.

In addition to the MFI-type zeolite, the catalyst may
contain one or more additional zeolites. Such additional
zeolite is preferably chosen from the group consisting of
Y zeolites; ultrastable Y zeolites (USY); X zeolites,
zeolite beta, zeolite L, offretite, mordenite, faujasite
(including synthetic faujasite), zeolite omega, Rare
Earth zeolite Y (= REY) and Rare Earth USY (REUSY).
Further the catalyst may contain additional zeolites for
example chosen from the group consisting of MIW type
zeolites (such as for example ZSM-12); MTT type zeolites
(such as for example ZSM-23;)the TON type zeolites (such
as for example zeolite theta one or ZSM-22); and the FER
structural type, for example, ferrierite.

The MFI-type zeolite and optionally additional
further zeolites are preferably dispersed in an amorphous
matrix component. For example the catalyst may contain
amorphous silica alumina, the MFI-type zeolite and
optionally one or more additional zeolites. In addition,
the catalyst preferably contains a binder and/or a
filler.

Examples of such an amorphous matrix include
amorphous silica-alumina, amorphous silica, amorphous
alumina, amorphous titania, amorphous zirconia and
amorphous magnesium oxide, or combinations of two or more
of these.

The MFI-type zeolite is preferably used in the form
of extrudates, suitably with alumina, preferably with 35-

45%, 1in particular 40%, of alumina. Preferably the MFI-
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type zeolite comprises a ratio of moles silica to moles
alumina (Si0,:A1,03) in the range from equal to or more
than 20 to 1 (20:1) to equal to or less than 100 to 1
(100:1), more preferably in the range from equal to or
more than 30 to 1 (30:1) to equal to or less than 80 to 1
(80:1).

An example of a binder is silica sol. Examples of
fillers include natural or synthetic clays, pillared or
delaminated clays, or mixtures of one or more of these.
Examples of clays which may be present in the catalyst
include kaolin, hectorite, sepiolite and attapulgite.

The total amount of zeolite that is present in the
catalyst is preferably in the range of 5 wt.% to 50 wt.%,
more preferably in the range of 10 wt.% to 30 wt.%, and
even more preferably in the range of 10 wt.% to 25 wt.$%
relative to the total mass of the catalyst, whilst the
remainder is preferably amorphous matrix component,
binder and/or filler.

In addition the catalysts may contain a metal
and/or metal oxide. For example the catalyst may contain
nickel, platinum, vanadium, palladium, manganese,
molybdenum, iron, cobalt, zinc, copper, chromium, zinc,
gallium and/or any of their oxides. Preferably the
catalyst contains nickel, gallium or zinc or any
combination or oxide thereof.

The catalytic step can be carried out batch-wise,
semi-batch wise or continuously.

Suitably the catalytic step can be carried out at a
WHSV (weight hourly space velocity) that is equal to or
more than 0.05 hr*, more preferably equal to or more

than 0.10 hr{, and equal to or less than 40.0 hr{, more

1

preferably equal to or less than 10.0 hr ~ and yet more

preferably equal to or less than 1.0 hr .
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Preferably the catalytic step is carried out at a
pressure in the range from equal to or more than 0.5 bar
absolute (0.05 MegaPascal) to equal to or less than 10
bar absolute (1 MegaPascal), more preferably from equal
to or more than 1.0 bar absolute (0.1 MegaPascal) to
equal to or less than 3 bar absolute (0.3 MegaPascal).
Most preferably the catalytic step is carried out at
atmospheric pressure (i.e. about 1.0 bar absolute).

Preferably the catalytic step is carried out at a
temperature from equal to or more than 350°C to equal to
or less than 550°C, preferably from 400°C, more
preferably from 450°C to equal to or less than 525°C.
Preferably the catalytic step is carried out at a
temperature equal to or lower than the temperature at
which any pyrolysis step is carried out. The pyrolysis
step 1s preferably operated at a temperature higher than
the catalytic step.

As indicated above, it 1s possible for any pyrolysis
step and the catalytic step to be carried out in the same
reactor. Preferably, however, any pyrolysis step is a
non-catalytic pyrolysis step preceding the catalytic step
and this non-catalytic pyrolysis step and the catalytic
step are carried out in separate reactors.

In the catalytic step a product mixture is produced.
The product mixture of the catalytic step is suitably
forwarded to one or more condensers.

The preferences as described herein for the
condensing step apply to both the condensing step in the
process for the conversion of biomass—-derived vapours and
the condensing step in the process for the conversion of

a solid biomass material.
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In the condensing step, part of the product mixture
is condensed, thereby forming a condensed product
fraction and a gaseous product fraction.

The product mixture produced in the catalytic step
can include hydrocarbon vapours, water vapour and other
gasses, such as for example carbonmonoxide and carbon
dioxide.

The product mixture can be partially condensed in
any manner known by the person skilled in the art to be
suitable for condensing a hydrocarbon vapour or water
vapour. The condensation may for example be carried out
by direct or indirect contact between the product mixture
and a coolant. Preferably the product mixture is
partially condensed by contacting it indirectly with a
coolant in one or more condensers.

Preferably the product mixture is condensed in two
or more stages. For example the product mixture can be
cooled in a first stage condenser (at a pressure of about
1 bar absolute, corresponding to about 0.1 MegaPascal) to
a temperature in the range from equal to or more than -
10°C to equal to or less than 25°C and more preferably to
a temperature in the range from equal to or more than 0°C
to equal to or less than 15°C, to separate a first
condensable liquid fraction, whereafter the remaining
non-condensed vapours of the product mixture are cooled
in a second stage condenser (at a pressure of about 1 bar
absolute, corresponding to about 0.1 MegaPascal) to a
temperature equal to or less than -25°C to separate a
second condensable liquid fraction.

The condensed product fraction is herein also
referred to as “bio-0il” and contains biomass-derived
hydrocarbons and other biomass-derived compounds (such as

for example oxygenates) that can be used for the
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production of a fuel component and/or chemical component
or as a precursor for such a fuel and/or chemical
component, as will be described in more detail below.

The product mixture is only partly condensed, some
of the vapours are not condensed into a ligquid and form
the gaseous product fraction. The remaining gaseous
product fraction can for example include carbon monoxide,
carbon dioxide, and/or C1-C4 hydrocarbons such as ethene,
propene, butene, methane, ethane, propane and butane.

In all embodiments of the invention at least part of
the gaseous product fraction is recycled to the catalytic
step and combined with the biomass-derived wvapours. The
part of the gaseous product fraction being recycled to
the catalytic step is herein also referred to as
“recycled gaseous product fraction”.

Preferably the recycled gaseous product fraction
includes carbon monoxide, carbon dioxide and/or ethene,
propene, butene, methane, ethane, propane and/or butane.

The recycled gaseous product fraction and the
biomass—-derived vapours can be combined in any manner
known by the person skilled in the art to be suitable
therefore. For example, the recycled gaseous product
fraction can be added to the biomass-derived vapours or
the biomass-derived vapours can be added to the recycled
gaseous product fraction, or both the recycled gaseous
product fraction and the biomass—-derived vapours can be
added simultaneocusly to a container or vessel and be
mixed therein.

In one preferred embodiment the recycled gaseous
product fraction is directly added to and mixed with the
biomass-derived vapours, after production of the biomass-
derived wvapours and before the catalytic step, whereafter

a mixture of the recycled gaseous product fraction and
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biomass—-derived vapours is contacted with the catalyst in
any fixed bed reactor or in any other reactor of the
catalytic step.

In another preferred embodiment the recycled gaseous
product fraction is added into a fixed bed reactor or
other reactor in which the catalytic step is carried out,
simultaneously with but separately from the biomass-
derived wvapours. In this case the recycled gaseous
product fraction becomes added to and mixed with the
biomass—-derived vapours within such a fixed bed reactor
or other reactor. Any addition of recycled gaseous
product fraction to a fixed bed reactor or other reactor
simultaneously with but separately from the addition of
biomass-derived vapours to such same reactor, is
preferably carried out via a set of multiple inlets. The
multiple inlets are preferably arranged such to achieve a
homogeneous mixture of recycled gaseous product fraction
and biomass-derived vapours within the fixed bed reactor
or other reactor.

In addition to the other advantages mentioned, the
recycled gaseous product fraction can be used to assist
in regulating the temperature and the reaction rate for
the catalytic step.

In addition to recycling part of the gaseous product
fraction to the catalytic step, another part of the
gaseous product fraction can optionally be recycled to
any optional pyrolysis step to be used as part of the
carrier gas.

As illustrated in the examples, the process
according to the invention advantageously allows one to
improve hydrocarbon yield and reduce gas-production.

The hydrocarbons in the condensed product fraction

can be fractionated into one or more hydrocarbon product
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fractions. Potentially one or more of these hydrocarbon
product fractions may be subsequently hydrotreated to
produce a hydrotreated hydrocarbon product fraction. The
non-hydrotreated hydrocarbon product fraction(s) and/or
hydrotreated hydrocarbon product fraction(s) may be used
as fuel and/or chemical component (s) in respectively a
fuel and/or chemical or as precursors thereof.

The invention is further illustrated by the
following non-limiting examples.

Comparative examples A and B and example 1

The examples were carried out in an experimental set-up
as illustrated in figure 1, comprising a bubbling
fluidized bed (BFB) reactor (101) and a fixed bed reactor
(102) . The fluidized bed reactor had an inner diameter of
25 millimeter (mm), and a length of 600 mm, which
included a gas preheating zone (103) below a 100 mm
porous gas distribution plate (104). Both BFB reactor
(101) and the fixed bed reactor (102) were externally
heated with an electric furnace (not shown). For each of
the examples, wood chips were dried, ground and sieved
into a particle size of less than 40 mesh. The wood chips
were subsequently fed via a feed hopper (105), a spring
screw feeder system (106) and a high velocity nitrogen
swept sloped feeder tube (107)into the BFB reactor (101)
at a feed rate of approximately 200 gram per hour (g/h)
on a dry basis. In the BFB reactor (101) the wood chips
were back-mixed with sand (108).

The sand and the wood chips in the BFB reactor were
fluidized with a carrier gas (109). The carrier gas that
was used in each example is specified in table 1 below.
In each example, temperature of the BFB reactor (101) was

about 550°C. Temperatures within the reactor were
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measured and controlled with three thermocouples (not
shown) .

Upon exiting the BFB reactor (101), the biomass-derived
vapours (110) produced in the BFB reactor (101) were
passed through a cyclone (111) to remove residual sand
and ashes (112) and through a ceramic hot gas filter
(113) . The cyclone (111) and ceramic hot gas filter (113)
were both maintained at a temperature of 400°C. Then the
resulting biomass-derived vapours (114) were passed to
the fixed bed reactor (102).

As summarized in table 1, for comparative examples A and
B only biomass—-derived wvapours were passed to the fixed
bed reactor (102) and for example 1 a mixture of biomass-
derived wvapours and recycled gaseous product fraction was
used.

The fixed bed reactor (102) was loaded with about 100
gram of a catalyst (115). The fixed catalyst (115) in the
fixed bed reactor (102) was a mesoporous ZSM-5 catalyst
with a mesopore volume of 0.34 cm’/gram. The fixed bed
catalyst was the same in each example. In each example
the temperature of the catalyst in the fixed bed was kept
at about 500°C (i.e. below the temperature of the BFB
reactor (101)). The product mixture (116) from the fixed
bed reactor (102) was introduced into a liquid recovery
system consisting of two condensers (117 and 118). The
condensers were cooled using a 50/50 (vol.%/vol.$%)
mixture of ethylene glycol and water. The mixture had a
temperature of about -5°C. The ethylene glycol/water
mixture itself was cooled down using a 20 liter
refrigerated circulating bath (not shown).

After condensation the still gaseous product fraction
passed through a flow totalizer, which was followed by a

gas chromatographer (GC) for gas composition analysis.
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The GC was configured to run three parallel channels (one
Flame Ionization Detector and two Thermal Conductivity
Detectors, not shown). All three detectors collected data
at the same time. For each example the composition of the
gaseous product fraction after condensation is specified
in Table 2. In example 1 part of the gaseous product
fraction (as indicated in Table 1) was recycled via line
(119) to fixed bed reactor (102).

The yields of the condensed (liquid) product fraction and
the char/coke were determined gravimetrically by
weighing. Subsequently the condensed (liquid) product
fraction was analyzed for its water content using
volumetric Karl Fisher titration. The elemental
composition (carbon, hydrogen, nitrogen, sulphur and
oxygen) of the bio-0il was determined using a Vario EL
organic elemental analyzer. For each example, the
composition of the condensed product fraction is also
specified in Table 2.

As illustrated by Comparative examples A and B and
example 1, the recycle of gaseous product fraction to the
catalytic step in the fixed bed reactor advantageously
resulted in a lower total gas product fraction and a
higher weight percentage of hydrocarbons in the condensed
product fraction.

In addition it was surprisingly found that the recycle of
the gaseous product fraction resulted in an improved
catalyst lifetime of the catalyst in the fixed bed
reactor. Table 3 illustrates that the catalyst lifetime
in a situation where the gaseous product fraction was
recycled was longer than that without a recycle of such
gaseous product fraction. Table 4 illustrates the linear
decrease of micropore volume of the catalyst over 9 hours

as in example 1.
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CLATIMS

1. A process for the conversion of biomass-derived
vapours, comprising:
- a catalytic step, wherein at least part of the
biomass-derived vapours are contacted with a catalyst
at a temperature in the range from equal to or more
than 350°C to equal to or less than 550°C, thereby
producing a product mixture; and
— a condensing step, wherein part of the product
mixture is condensed in one or more condensers,
thereby forming a condensed product fraction and a
gaseous product fraction;
wherein at least part of the gaseous product fraction
is recycled to the catalytic step and combined with

the biomass-derived vapours.

2. A process according to c¢laim 1, wherein the biomass-
derived wvapours are pyrolysis wvapours obtained or

obtainable by pyrolysis of a solid biomass material.

3. A process according to claim 2, where the solid
biomass material contains cellulose and/or

lignocellulose.

4. A process for the conversion of a solid biomass
material, comprising:
- a pyrolysis step, wherein at least part of the
solid biomass material is pyrolyzed, thereby
producing biomass-derived vapours;
- a catalytic step, wherein at least part of the

biomass-derived vapours are contacted with a catalyst
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at a temperature in the range from equal to or more
than 350°C to equal to or less than 550°C, thereby
producing a product mixture; and

— a condensing step, wherein part of the product
mixture is condensed in one or more condensers,
thereby forming a condensed product fraction and a
gaseous product fraction;

wherein at least part of the gaseous product fraction
is recycled to the catalytic step and combined with

the biomass-derived vapours.

A process according to claim 4, where the solid
biomass material contains cellulose and/or

lignocellulose.

A process according to claim 4 or 5, wherein the
pyrolysis step comprises pyrolyzing at least part of
the solid biomass material by contacting the solid
biomass material with a catalyst and/or a solid heat
carrier medium at a temperature in the range from
equal to or more than 400°C to equal to or less than
600°C in a fluidizing reactor, whilst introducing a
carrier gas to the fluidizing reactor, thereby

producing biomass-derived wvapours.

The process according to claim 6, wherein the carrier
gas includes carbon monoxide, carbon dioxide,
nitrogen, steam, any C;—Cs hydrocarbon or a mixture

of any of these.

The process according to anyone of claims 4 to 7,

wherein the catalytic step is carried out at a
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temperature equal to or lower than the temperature at

which any pyrolysis step is carried out.

The process according to anyone of claims 1 to 8§,
wherein the catalytic step comprises contacting at
least part of the biomass-derived vapours with a
catalyst at a temperature in the range from equal to
or more than 350°C to equal to or less than 550°C in
a fixed bed reactor, thereby producing a product

mixture.

The process according to anyone of claims 1 to 9,
wherein the catalyst in the catalytic step is a

mesoporous MFI type catalyst.

The process according to anyone of claims 1 to 10,
wherein the condensing step comprises condensing part

of the product mixture in two or more condensers.

The process according to anyone of claims 1 to 11,
wherein the part of the gaseous product fraction that
is recycled to the catalytic step comprises carbon

monoxide, carbon dioxide.

The process according to anyone of claims 1 to 12,
wherein the part of the gaseous product fraction that
is recycled to the catalytic step comprises methane,
ethane, propane, butane, ethene, propene and/or

butene.

A process for the conversion of a solid biomass

material, comprising the following steps:
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(a) pyrolyzing at least part of the solid biomass
material by contacting the solid biomass material
with a catalyst at a temperature in the range from
equal to or more than 400°C to equal to or less than
600°C in a first zone of a fluidizing reactor,
thereby producing biomass—-derived vapours;

(b) contacting at least part of the biomass—-derived
vapours with a catalyst at a temperature in the range
from equal to or more than 350°C to equal to or less
than 550°C in a second zone of a fluidizing reactor,
thereby producing a product mixture;

(¢) condensing part of the product mixture, thereby
forming a condensed product fraction and a gaseous
product fraction,

wherein at least part of the gaseous product fraction
is recycled to step (b) and added to the biomass-

derived wvapours.
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