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METHOD OF AND SYSTEM FOR PRODUCING SOLID CARBON MATERIALS

I['ield of the Invention

The present invention relates to a method of and a system for the
production of solid carbon materials.

3ackground of the Invention

Carbeonaceous feedstock such as coal and petroleum can be used to
produce solid carbon materials. For example, coking coal, coal tar
and coal tar pitch are typically used to produce the metallurgical
coke or other types of carbon materials for the iron and steel
industry or to produce the electrodes for the aluminium industry.
However, a number of problems exist with the above-mentioned
production of carbon materials.

In particular, some currently used raw feedstock, such as coking coal,
is non-renewable and depleting. Coking coal represents only a small
portion of available coal reserves. Unfortunately, other coa_s of
lower or higher ranks than the coking coal, e.g. lignite, brown coal,
sub-bituminous coal, low-caking bituminous coals and anthracite, do
not posscss the required caking propcertics to be suizable fecedstock
for making metallurgical coke.

Furthermore, the use of the carbon materials in the way described
above leads to a significant emission of CO, and other pollutzants such
as S0, and NC,. In addition to the hign sulphur content in the
metallurgica’ coke produced from coking coal or petroleum, the ash
yvield 1s also relatively high, which creates many issues in their
application in mctallurgical industry.

In addition to the metallurgical industry, solid carbon materials with
high strength are also required in other industries, e.g. wastewater
treatment and gold mining and extraction. The solid carbon materials
(e.g. activated carbon) must have good mechanic strength for use in
these operations.

Biomass 1s the only renewable resource that can be directly used to
make solid carbon materials. However, biomass-derived carbon
materials are usually of insufficient quality to be a replacement for
solid carbon materials such as metallurgical coke and high-strength
activated carbon.

There 1s a need for high guality solid carbon materials produced from
biomass or other relatively inexpensive low-caking carbonaceous
feedstock.
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Summary of the Invention

In accordance with a first aspect of the present invention, there is
provided a method of producing a solid carbon material, the method
comprising:

providing a carbon-containing material formed through the heat
treatment of carbonaceous feedstock, the carbon-containing material
being capable of undergoing polymerisation;

mixing the carbon-containing material with a polymerisation
agent to form a material mixture; and

heating the material mixture to a temperature at which
polymecrisation of the material mixturc occurs so as ¢ producc the
scolid carbon material.

Zmbodiments of the present invention have significant advantages. In
particular, the produced solid carbon material may have a relatively
nigh density and hardness. In some instances, the produced carbon
material, particularly after further treatment (i.e. carbonisation),
nas properties similar to metallurgical coke produced from coking
coal. Furthermore, the produced solid carbon material may have a
relatively low sulphur content and a relatively low ash yield compared
to metallurgical coke produced from coking coal.

The term “carbonaceous feedstock”, as used herein, is intended to
include a variety of carbon-containing renewable and non-renewable
feedstock including bul nol limited to coal ({(its full coalification
rank spectrum from peat, lignite, brown coal, sub-bituminous coal,
bituminous coal, semi-anthracite to anthracite), biomass, solid wastes
or their mixtures. The solid wastes may include but are not _imited
to agricultural wastes, forestry wastes and domestic wastes or
residues from the processing of carbonaceous feedstock.

The term “polymerisation”, as used herein, is intended to include
within its scope, in addition to the polymerization of a monomer
alone, copeolymerisation, e.g. the polymerisation of Zwo or more
different monomers. Furthermore, the term “polymerisation” should be
understood as comprising not only the formation of polymer chains by
bonding monomers or prepolymers to one another but also the formation
0of a three-dimensional networx by the establishment of bonds among
these polymer chains, which i1s commonly known as crosslinking.

The term “carbon-containing material”, as used herein, 1s intended to
include within its scope a mazerial or a material composition
comprising carbon as the main element and other elements such as
aydrogen and oxvgen. For example, the carbon-containing material may
be derived from the pyrolysis of carbonaceous feedstock, such as
biomass or coal.
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The term “pol_ymerisation agenz’”, as used herein, is intended to
include within its scope one or more components waich are added to a
polymerisable material to cause or accelerate polymerisation. Thus,
the term “polymerisation agenz” 1is intended to be inclusive of
materials that act as cross-linking agents, initiators, accelerators,
promoters and the like. The zerm “induce”, as used herein, is used to
include any or all of these functions of the polymerisation agent.

The method may be conducted and the polymerisation agent may be
selected such that, after polymerisation, the polymerisation agent
forms a part of the produced solid carbon material. The
polymcrisation agent may be producced from the hydrolysis or other
means of thermal treatment of the carbonaceous feedstock. A person
skilled in the art will appreciate that a range of components may be
produced from the hydrolysis of biomass, which individually or as a
mixture can be used as a polymerisation agent.

In an embodiment, the polymerisation agent comprises a material having
a furan ring, a carbonyl group and/or other reactive functiocnal
groups. For example, the polymerisation agent may comprise furfural,
nydroxyl acetone, furfural alcohol or their mixtures. The
polymerisation agent may be obtained from the hydrolysis, ligquefaction
or pyrolysis of carbonaceous feedstock.

In one embodiment, the carbon-containing material may be provided in
Lthe form of a liquid.

In a further embodiment, the carbon-containing material may be
condensable.

In a specific embodiment, the carbon-containing material comprises a
flowable liquid or non-flowable paste. The carbon-containing material
may comprise crude, such as bio-crude, which may be bio-o0il. In this
regard, the carbon-containing material may be produced through the
pyrolysis, hydrothermal treatment or liquefactlion of the biomass using
a variety of wayvs known to those skilled in the art. Other suitable
carbonaceous feedstock may include municipal waste, coal such as peat,
lignite, brown coal, sub-bituminous coal and low-ranx bituminous coal
and mixtures thereof.

In an embodiment, the method comprises a step of mixing the carbon-
containing material with a further material. It will be appreciated
that this mixing step may be performed together with the step of
mixing the carbon-containing material with the polymerisation agent.

In a specific embodiment, the further material has pores. Tor
example, the further material may comprise carbonaceous particles,
such as fine particles from coal or biomass or char obtained from the
thermal treatment of carbonaceous feedstock such as biomass, peat,
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lignite, brown coal, sub-bituminous coal, low-rank bituminous cocal or
mixtures thereof. However, a person skilled in the art will
appreciate that other suitable further materials are envisaged.

If the material and the polymerisation agent are mixed with a porous
material, at least some polymerisation of the carbon-containing
material and the polymerisation agent may take place within the pores
of the further material. Thus, the pores of the further material may
be filled with solidified carbon material.

Additionally or alternatively, the further material may comprise an
organic or inorganic additive to produce a solid carbon material
composite. For cxample, an inorganic salt may be added to the
material mixture to produce a carbon metal composite. A person
skilled in the art will appreciate that other suitable additives are
envisaged.

The step of mixing the carbon-containing material and the
polymerisation agent may be conducted at approximately room
temperature or at an elevated temperature.

The step of mixing the material and the polymerisation agent may be
conducted to form a slurry.

In an embodiment, the material mixture 1is heated to an elevated
temperature so as to induce polymerisation. The elevated temperature
may be selected such that it is (just) sufficient for polymerisation
to take place at a rate that 1s of commercial significance, but may be
sufficiently low such that the formation of gaseous products during
the polymerisation and consequently the formation of pores in the
produced solid carbon material can be minimized.

In an embodiment, the step of heating the material mixture is
conducted in a step wise manner. For example, the temperature may be
increased gradually at different heating rates and with various
nolding periods at selecled Lemperature levels.

The step of heating the material mixture to induce the polymerisation
may be conducted under atmospheric pressure. However, other
conditions are envisaged, such as under the vapour pressure of the
reactants.

In an embodiment, the step of heating the material mixture to induce
the polymerisation of the material i1s conducted in an inert

environment, i.e. oxygen-deficient.

The method may further comprise a step of heating (carbonising) the
s0lid carbon material to a temperature sufficient to devolati_ise the
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solid carbon material. 1In this regard, the produced carbon material
may be heated to a temperature of a similar magnitude to that for the
production of metallurgical coke or even higher temperatures to make
nigh quality specialised carbon materials such as electrodes for the
aluminium industry. For example, the produced solid carbon material
may be heated to a temperature between 400°C to 1500°C.

In an embodiment, the solid carbon material may have high strength
with superior capacity for the adsorption/absorption of various
organic compounds and inorganic metals. In this specific app_ication,
there may be no need to carbonise the solid carbon material.

The steps of polymerisation and carbonising the producced solid carbon
material may be repeated one or more times in an alternating manner to
further increase the density of the produced solid carbon material.

In an embodiment, the method comprises a step of providing a catalyst
to increase the rate of the polymerisation of the mazerial mixture.
For example, the catalyst may be added to the material mixture.
Alternatively, the catalyst may be contained within at least one of:
the carbon-containing material, the polymerisation agent and the
further material. For example, the acids in the carbon-containing
material such as bio-o0il may function as a catalyst.

The method may comprise producing the polymerisation agents and a
residue through the treatment of the carbonaceous feedstock, such as
biomass. The method may also comprise further treating the residue to
produce the carbon-containing material capable of undergoing
polymerisation and a further material that has pores in which some
polymerisation takes place. The residue may also be pyrolysed to
produce the carbon-containing material capable of undergoing
polymerisation.

In accordance with a second aspect of the present invention, there is
provided a method of producing a solid carbon material, the method
comprising:

providing a carbon-containing material formed through the heat
treatment of carbonaceous feedstock, the carbon-containing material
being capable of undergoing polymerisation;

providing a further material having pores;

mixing the carbon-containing material and the further material
with a polymerisation agent to form a material mixture; and

heating the material mixture to a temperature at which
polymerisation of the material mixture occurs so as o produce the
solid carbon material,

wherein at least some of the polymerisation of the material
mixture takes place within the pores of the further material.
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In accordance with a third aspect of the present invention, there is
provided a system for producing a solid carbon material and the system
comprising a polymerisation reactor, the polymerisation reactor
comprising:

at _east one inlet for providing a material mixture, the
material mixture comprising at least a carbon-containing material
formed through the heat treatment of carbonaceous feedstock, the
carben-containing material being capable of undergoing polymerisation,
and a polymerisation agent;

a reaction region for receiving the material mixture; and

a heat source for providing heat to the reaction region;

wherein the material mixture in the reaction region is heated to
a temperature at which polymerisation of the material mixture occurs
S0 as to produce the solid carbon material.

The reactor of the system may be arranged to heat the materia’ mixture
Lo a temperature sufflicienl Lo carbonlise and devolatilise tLhe solid
carbon material.

In an embodiment, the polymerisation agent comprises a material having
a furan ring, a carbonyl group and/or other reactive functional
groups. For example, the polymerisation agent may comprise furfural.

In one embodiment, the carbon-containing material may be provided in
the form of a ligquid or vapour.

In a further embodiment, the carbon-containing material is
condensable.

In a specific embodiment, the carbon-containing material comprises
crude, such as bio-crude (with bio-o0il being a particular example).

In an embodiment, the material mixture comprises a further material.

The further material may be porous. For example, the further material
may comprise carbonaceous parzicles, such as fine particles from coal
or biomass or char obtained from the thermal treatment of carbonaceous
feedstock such as biomass, peat, lignite, brown cocal, sub-bituminous
coal, low-rank bituminous coal or mixtures thereof. However, a person
skilled in the art will appreciate that other suitable further
materials are envisaged.

If the carbon-containing material and the polymerisazion agent are
mixed with a porous material, at least some polymerisation of the
material mixture and the polymerisatlion agent may Laxe place within
the pores of the further material. The further materials may cross-
polymerise with the polymerisation agent and the carbon-containing
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material. Thus, the pores of the further material may be fil_ed with
solidified carbon material.

Additionally or alternatively, the further material may comprise an
organic or inorganic additive to produce functionalised carbon
materials or carbon composites. For example, an inorganic sa_t may be
added to the material mixture to produce a carbon mezal composite. A
person skilled in the art will appreciate that other suitable
additives are envisaged.

The polymerisation reactor may comprise a plurality of inlets, each
inlet being arranged to provide a material component c¢f the material
mixturc. For cxample, the polymerisation rcactor may comprisc a first
inlet for providing the carbon-containing material, a second inlet for
providing the polymerisation agent and a third inlet for providing the
further material. 1In this embodiment, the polymerisation reactor may
comprise a dedicated mixing region for mixing the provided material
components. Alternatively, the individual components in the mixture
may be premixed before entering the reactor. In the latter case, the
polymerisation reactor may be arranged such that the mixture enters
the reactor from one inlet.

In an embodiment, the heat source is arranged to naeat the reaction
regicn so as to induce the polymerisation.

In an embodiment, the polymerisation reactor 1s arranged to operate in
an inert environment, i.e. oxygen—-deficient. In this embodiment, the

polymerisation reactor may comprise a gas 1inlet for receiving an inert
gas, such as nitrogen, within the reaction region.

The polymerisation reactor may further be arranged to conduct the

carbonisation of the produced solid carbon material. In this regard,
the heat source may be arranged to heat the reaction region to a
temperature to devolatilise the solid carbon material. TIn this

example, Lhe polymerisation of the material mixture and the [further
carbconisation of the solid carbon material are conducted within the
reaction region. However, a person skilled in the art will appreciate
that the polymerisation reactor may comprise a dedicated carbonisation
region in which the produced carbon material is further devolatilised.
Alternatively, the carbonisation may also be performed in a further
vessel that may be connected in tandem.

In an embodiment, a catalyst may be provided in the reaction region.
In this way, a rate of the polymerisation of the material mixture may
be increased by the catalyst.

The polymerisation reactor may comprise a gas outlet so that gaseous
products can exit the polymerisation reactor. Gaseous products may
include volatiles that are released during the further carbonisation
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of the carbon material. The polymerisation reactor may further
comprise a collector in fluidal contact with the gas cutlet of the
polymerisation reactor such that volatiles that exit the
polymerisation reactor can be collected. The collected organics may
be used for chemical recovery. The non-condensable gaseous products
may be used as fuel in a combustor to generate heat for the
polymerisation and carbonisation.

In an embodiment, the polymerisation reactor comprises a condenser
arranged such that gaseous products such as volatiles that are
released during the polymerisation or carbonisation, including
unconverted polymecrisation agent, can bce condenscd and recycled back
to the reaction region for further reaction.

In an embodiment, the polymerisation reactor is arranged such that a
moving mechanism moves the reacting material mixture through and along
a length of the reactor. It will be appreciated tha:z the material
mixture may flow through the reaction region in any suitable
direction. For example, the material mixture may flow 1in a
substantially horizontal direction, in a vertical direction, or in a
direction at an inclined angle. In these embodiments, the temperature
may increase with the flow direction of the material mixture.

The polymerisation reactor may be operable as a batch reactor, a semi-
batch reactor or a continuous reactor.

In accordance with a fourth aspect of the present invention, there is
provided a polymerisation reactor arranged to perform the method in
accordance with the first and second aspects of the present invention.

In accordance with a fifth aspect of the present invention, there is
provided a solid carbon material, a carbon-composite material or a
product such as an electrode or activated carbon, produced using the
method in accordance with either the first or second aspect of the

presenl inventlion.

In accordance with a sixth aspect of the present invention there is
provided a polymerisation reactor for producing a solid carbon
material, the polymerisation reactor comprising:

at _east one inlet for providing a material mixture, the
material mixture comprising a carbon-containing material formed
through the heat treatment of carbonaceous feedstock, the carbon-
containing material being capable of undergoing polymerisation, and a
polymerisation agent;

a mechanism to move the reacting material mixture through the
reactor; and

a heat source for providing heat to the reaction region so that
the temperature increases along the length of the reactor;

wherein the material mixture in the reactor is heated to a
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temperature at which polymerisation of the material mixture occurs so
as to produce the solid carbon material.

The reactor may be arranged to heat the solid carbon material to a
temperature sufficient to carbonise and devolatilise the solid carbon
material.

The reactor may comprise a further vessel that is connected in tandem
and in which in use the solid carbon material is naeated to temperature
sufficient to carbonise and devolatilise the solid carbon material.

In accordance with a seventh aspect of the present invention there 1is
provided a method of producing a solid carbon material, the method
comprising:

forming a carbon-containing material througn the heat treatment
of carbonaceous feedstock, the carbon-containing material being
capable of undergoing polymerisation and being at an elevated
temperature;

cooling the carbon-containing material; and

introducing a polymerisation agent for mixing with the carbon-
containing material to form a material mixture, waerein the
polymerisation agent is introduced after the carbon-ccontaining
material has been cooled to about a temperature recuired for
polymerisation thereof,

whereby polymerisation of the material mixture cccurs to produce
the solid carbon material.

In one embodiment the cooling of the material mixture prior to and
during polymerisation of the material mixture is conducted in an inert
environment.

In accordance with an eighth aspect of the present invention there is
provided a polymerisation arrangement for producing a solid carbon
material, the polymerisation arrangement comprising:

a heal Lrealment vessel configured Lo heal Lreat carbonaceous
feedstock to produce a carbon-containing material being capab_e of
undergoing polymerisation, whereby in use the carbon-containing
material exits the heat treatment vessel at an elevated temperature;

a polymerisation reactor configured to receive the carbon-
containing material and to cool the carbon-containing material as it
is conveyed through the polymerisation reactor;

at least one inlet for introducing a polymerisation agent into
the polymerisation reactor for mixing with the carbon-containing
material to form a material mixture, wherein the inlet is configured
in use to introduce the polymerisation agent at a position where the
carbon-containing material is at about a temperature required for
polymerisation thereof;

whereby polymerisation of the material mixture occurs to produce
the solid carbon material.
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In one embodiment the heat treatment vessel i1s a pyrolysis reactor.

The polymerisation arrangemen:t may comprise a heat exchange unit
positioned between and in communication with the neat treatment vessel
and the polymerisation reactor and being configured Zo cool or heat
the carbon-containing material.

In one embodiment the polymerisation reactor may nave a region
configured to heat the solid carbon material to a temperature
sufficient to carbonise and/or devolatilise the solid carbon material.
Alternatively, in another embodiment the polymerisation arrangement
may comprise a further vessel connected in tandem with the
polymecrisation rcactor and becing configurcd to hcat the solid carbon
material to a temperature sufficient to carbonise and devolatilise the
solid carbon material.

3rief Description of the Figures

Zmbodiments of the present invention will now be described, by way of
example only, with reference Zo the accompanying figures, in which:

Figure 1 is a flow diagram of a method of producing a carbon
matcrial in accordancce with an cmbodiment of the prescnt invention;

Figure 2 is a flow diagram of a method of producing a carbon
material in accordance with a further embodiment of <he present
invention;

Figure 3 is a schematic diagram of a polymerisation reactor in
accordance with an embodiment of the present invention, and

Figure 4 is a schematic diagram of a polymerisation reactor in
accordance with a further embodiment of the present invention.

Detailed Description of an Embodiment of the Present Invention

=mbodiments of the present invention relate to a method of producing a
solid carbon material. For producing the solid carbon material, a
carben-containing material is provided that is formed through the heat
treatment of carbonacecus feedstock, wherein the carbon-containing
material is capable of undergoing polymerisation. The carbon-
containing matcrial may also bc rcferred to a rcactant. The carbon-
containing material may for example be provided in the form of a
liguid.

This carbon-containing material is mixed with a polymerisation agent
to form a material mixture. The carbon-containing material and the
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polymerisation agent may for example be mixed to form a slurry. The
material mixture is then heated to a temperature at which the
polymerisation agent induces the polymerisation of the carbon-
containing material with the polymerisation agent. In this way, the
solid carbon material can be produced.

In a specific example, the carbon-containing material comprises a
crude ligquid, such as bio-0il. The crude liquid may be obtained from
the pyrolysis of a carbonaceocus feedstock or a mixture of carbonaceous
feedstocks. The crude liguid may also be a product from the
liguefaction of carbonaceous feedstock under subcritical, critical or
supcrcritical conditions. The carbonaccous fccdstock uscd to preparc
the crude liquid may be biomass, municipal wastes, and coal such as
peat, lignite, brown cecal, sub-bituminous coal, low-rank bituminous
ccal, anthracite, or their mixtures.

Furthermore, it will be appreciated that just a fraction of the crude
liguid may be used to prepare the solid carbon material. One
particular example i1s the use of fractions of bio-o0il, the condensable
liguid from the pyrolysis of carbonaceous feedstock, as the material
for producing the solid carbon material.

The polymerisation agent may comprise a material having a furan ring,
a carbonyl group and/or other reactive functional groups. In a
specific example, the polymerisation agent comprises furfural. The
polymerisation agent may be oblained from the hydrolysis or
liguefaction of carbonaceous feedstock, such as biomass. In this
case, the polymerisation agenz 1s a mixture of furfural and other
compcnents from the hydrolysis or liquefaction of biomass.

The material mixture of bio-crude and polymerisation agent may further
be mixed with a further material. Ln one example, the further
material is porous, and at least some polymerisation cf the bio-crude
takes place within the pores of the further material. Thus, the pores
of the further material can be filled with polymerised/solidified
carbon material from the bio-crude.

In a specific example, the further material comprises carbonaceous
particles. These carbonaceous particles may be obtained from coal or
biomass or char obtained from the thermal treatment of carbonaceous
feedstock such as biomass, peat, lignite, brown coal, sub-bituminous
ccal, low-rank bituminous cocal, anthracite or mixtures thereof.
However, a person skilled in the art will appreciate that other
suitable further materials are envisaged.

Considering a specific example in which bio-0il is mixed with furfural
as polymerisation agent and biochar as porous further materia’, the
polymerisation of the crude bio-o0il together with furfural takes place
in the pores of the biochar. In this way, the pores c¢f the biochar
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will be at least partly filled with solidified carbon materia_ mainly
formed from the polymerisation of bio-0il and furfural. The resulting
solid carbon material will have higher mass density and hardness than
the initial carbonaceous particles. Furfural and/or the crude bio-oil
may also react with the biochar and condense together with the
reactive structures in biochar to form cross-links in the final solid
carbon material product.

Selecting the carbonaceous particles as the further material for
mixing with bio-crude and the polymerisation agent has particular
advantages. In particular, the carbonaceous particles have a
rclatively high carbon conten:t and low volatility. For cxamp_c,
biochar, the solid product from the pyrolysis of biomass, can have a
carbon content of above 80%. The carbon exists in bic-char mainly in
the form of _arge aromatic structures. The volatility of this form of
carbon 1s relatively low even at elevated temperatures. However,
blochar has excessive pores, due Lo Lhe release of volaliles [rom Lhe
biomass during pyrolysis, which limit the use of biochar in certain
applications, for example as carbon electrode materials, high-strength
activated carbons and as a replacement for metallurgical coke.

In this particular example, bio-o0il, the bio-crude from pyrolysis, 1is
used to produce the solid carbon material with the aid of the
polymerisation agent, which in this example case 1is furfural. In this
way, the carbon content, hardness and density of the carbon materials
can be increased. It will be appreciated that even though the
specific example 1s directed zZo the use of bio-o0il, biochar, and
furfural to produce the solid carbon material, the material mixture 1is
not limited to these materials. Further suitable material components
for the material mixture include coal tar, coal char, a mixture of
coal-derived components and biomass derived components, and the like.

In this particular example, the bio-oil and the biochar are obtained
from the pyrolysis of biomass. However, it will be appreciated that
other sources for the material components of the material mixture are
envisaged.

Using biomass for the method of producing a solid carbon material has
significant advantages. In particular, biomass 1is a source of
renewable carbon. The solid carbon materials from bicmass have a very
low carbon footprint to give significant environmental benefits in the
short and long terms. Conversion of renewable biomass into the carbon
material also has great economic potential due to the numerocus
applications of the material in the metallurgical industry, water
trcatment, gold mining or c¢xtraction, catalysts making and othcr
carbon material manufacturing industries.



WO 2016/164965 PCT/AU2016/000133

10

15

20

25

30

35

40

- 13 -

Referring now to Figure 1, there is shown a flow chart illustrating a
method 100 in accordance with a specific embodiment of the present
invention.

In a first step 102, a carbon-containing material that is formed
through the heat treatment of carbonaceous feedstock and is capable of
undergoing polymerisation is provided. In this particular embodiment,
the carbon-containing material is bio-o0il obtained from the pyrolysis
of biomass.

In step 104, a further material is provided. In this particular
embodiment, the further material is biochar that i1s also obtained from
the pyrolysis of the biomass. The step of providing the biochar may
comprise processing the biochar to provide fine particles. For
example, the biochar may be crushed.

Pyrolysis rel_ates to a process of thermal decomposition of biomass by
neating in an oxygen-deficient environment. As a consequence, the
macro structure in biomass 1s destroyed to release volatiles in the
form of gaseous products and condensable vapours (bio-0il). The
residue left is biochar. The obtained biochar has a relatively high
porosity and mav also be referred to as “light carbon materia-”. A
particular example of a pyrolysis process 1is described in further
detail in PCT international patent application No. PCT/AU2011/000741.

In a next step 106, the bio-0il and the biochar are mixed together
with a polymerisation agent, such as furfural, to form a material
mixture. The mixing may be conducted at room temperature. In this
particular example, the mixing is conducted to form a slurry.

The material mixture is then heated in step 108 to a temperature at
which the polymerisation agent induces the polymerisation of the bio-
0il., 1In this specific example, some of the polymerisation takes
places within the pores of the biochar, in which sizes of the
molecules in the bio-oll grow and become solid thereby [illing the
pores of the biochar. The bio-o0il and/or furfural may also cross-link
with the biochar structure.

The method is conducted and the polymerisation agent is selected such
that, after polymerisation, a residue material related to the
polymerisation agent forms a part of the produced solid carbon
material.

In a specific example, Lhe ma.erial mixture may for example be fed
into a reactor where the material mixture is heated. In this regard,
the mixing of the material components may be conducted before, during
or after feeding the material mixture into the reactor. The reactor
may not be filled to the full capacity of its volume to allow space
for the expansion of the material mixture at elevated temperatures.
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In this example, the temperature at which the polymerisation process
is induced is kept below 400°C. For example, the temperature may be
selected from a range between 50 and 400°C, wherein zhe exact
temperature depends on the properties of the material mixture. At
this relatively mild reaction temperature, gaseous products that are
formed in the process are minimised. Without the formation of
significant amounts of gaseous products during the polymerisation of
the bio-0i1il, the potential pores in the resulting solid carbon
material can be minimised. In a specific example, the temperature may
be increased in a step-wise manner together with nolding periods of
time at pre-selected temperature steps.

In this particular example, the polymerisation process proceeds via
the cross-linkage of the small and large molecules in the bio-oil.

The bio-0il in the material mixture may contain molecules with oxygen-
containing functional groups in the forms of hydroxyl group and
carbonyl group. The polymerisation agent participates in or lnitlates
or accelerates the polymerisazion process as the polymerisation agent
is reactive towards polymerisation at the temperature to which the
material mixture is heated. The functional groups of the
polymerisation agents play a critical role in the polymerisation
reactions. ""“hese functional groups may link with other compounds via
the formation of new chemical bonds (e.g. C-C, C-0, C=C, C=0 bonds) or
aromatic ring structures. At the temperature to which the material
mixture is heated, these molecules are activated and react with each
other, for example, via electrophilic substitution and/or
electrophilic addition reactions to condense together. As a result of
these condensation processes, the size of at least some of the
molecules in the bio-0il increase and the molecules may become more
reactive towards condensation. In this way, the organics can grow to
bigger size and eventually become solid carbon material obtained in
step 110.

Depending on the regquired properties for the carbon material product,
the method 100 may further comprise a step 112 of heating the produced
solid carbon matcrial to a further higher temperaturce to devo_atilisc
(carbonise) the carbon material. Without this further thermal
treatment (carbonisation) of the carbon material, the produced carbon
material has relatively high oxygen content, which may be due to the
relatively high oxygen contenz- of the bio-0il. Via zhis further
thermal treatment (carbonisation), the oxygen content of the carbon
material can be reduced. Some oxygen-containing functional groups
(e.g. 1n the forms of —-CHO or -COCH) attached to the large mo_ecules
of the carbon material may react to form and release CO or CO; via
reactions such as decarbonylation or decarboxylation. The
carbconisation of the solid carbon will also remove many of its
substitutional groups. The released organics may be further processed
into valuable chemicals or used as fuels elsewhere.
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In a particu_ar example, the produced solid carbon material is heated
to a temperature in a range from 400 to 1500°C, wherein the exact
temperature depends on the desired properties of the solid carbon
material. It should be noted that, due to the relecase of some
volatiles, new pores may be created within the solid carbon material
which will consequently lower the density of the carbon material.

In this regard, the produced solid carbon material may take part in a
further polymerisation process in which the carbon material (in place
of biochar) is mixed with additional bio-0il and the polymerisation
agent. With reference to the above described polymerisation process,
some of the polymecrisation of the bio-o0il then takes place within the
pores of the carbonised solid carbon material thereby increasing
density and hardness of the new solid carbon material product.

Polymerisation and carbonisation may be repeated for cone or more
cycles depending on the desired properties of the final solid carbon
material product.

In another embodiment, method 100 can be utilised without step 104,
i.e. the material mixture formed in step 106 comprises the bio-oil
from step 102 and a polymerisation agent. The material mixture may be
in the form of a liquid or emulsion. In this case, the polymerisation
of the bio-0il and the polymerisation agent in step 108 also forms a
solid carbon material in the absence of a further mazerial (that is,
withoul tLhe blochar). The solid carbon material can then undergo
devolatilisation and/or carbonisation in step 112 to produce a
devolatilised and densified carbon material. This devolatilised and
densified carbon material can then be used as a further material in
place of biochar (in steps 104 and 106) for the polymerisation and
carbconisation to be repeated for more cycles. When biochar is not
used in method 100, a solid carbon material can be produced that has
an ultra-low ash yield.

In yet a further embodiment, where the solid carbon material requires
nigh-strength, for example in water treatment or gold extraction, the
carbenisation step 112 may be omitted or the carbonisation temperature
may be kept below 800°C. For these particular uses a certain amount
of oxygen-containing functionalities would be desirable, whereby the
oxygen in the solid carbon mazerial would act as active sites for
removal of metals from the water.

Figure 2 shows a flow chart i1llustrating a method 200 in accordance
with a further specific embodiment of the present invention to produce
solid carbon materials from carbonaceous feedstock, such as biomass.
The method 200 comprises step 210 in which part of the biomass
feedstock is used to produce bio-0il and biochar. A suitable method
to produce the bio-0il and the biochar from the biomass feedstock is
disclosed in PCT international patent application BPCT/AU2011/000741.
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3iochar is produced as fine particles. Step 220 produces the
polymerisation agent using the reminder part of the biomass feedstock.

In this example, the hydrolysis of biomass will produce a
polymerisation agent mixture containing furfural and other species.
The hydrolysis also produces residues that can also become the
feedstock for pyrolysis (step 210). Step 230 then mixes the bio-o0il,
biochar and the polymerisation agents and step 240 heats up the
material mixture and causes polymerisation in order Zc¢ obtain the
solid carbon material. Step 250 then subjects the formed solid carbon
material to further carbonisazion, 1.e. heating up the carbon material
to high tcmpecraturc for devolatilisation. This further carboniscd
carbon material can be recycled to undergo further cycles of
polymerisation and carbonisation, i.e. replacing biochar (steps 230
and 240), until it meets the quality requirement for the fina. solid
carbon material product, especially in terms of density and hardness.

In another a_ternative embodiment, method 200 can alsc be carried out
without providing biochar into the material mixture in step 230
(similar to the case of method 100).

This produced solid carbon material has various potential
applications. In particular, due to its relatively high density and
nardness compared to biochar, the solid carbon material may be used as
a replacement for the coal-derived metallurgical coke. It should be
noted Lhat metallurgical coke formed from coal has a relatively high
content of sulphur and a high ash yield, which cause various issues
during the steel making process and significantly affect the quality
of steel. 1In comparison, the solid carbon material produced from bio-
01l and biochar with an organic polymerisation agent as disclosed
nerein has a relatively low sulphur content and a relatively _ow ash
yield.

The produced solid carbon material may be used to manufacture
catalysts or electrodes for the aluminium industry. The solid carbon
material may also be used as a high-strength carbon material for water
treatment or for extraction of gold or other metals.

Furthermore, a range of carbon composite materials or carbon materials
with specified functionality and property may be produced by mixing
the bio-o0il and the polymerisation agent with specific organic
compounds or inorganic compounds. For example, various organics may
be mixed into the bio-0il and the polymerisation agents as the bio-oil
contains functional groups with a wide range of polarities. For
example, acidic functional groups such as —-S0:;H may be introduced into
the material mixture and thus be incorporated into the solid carbon
material.
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Many inorganics may also be dissolved into the mixture of bio-o0il and
polymerisation agents as the bio-oil has a high content of water,
which in some instances amounts to around 30 wt% water. Thus, a range
of carbon composites may be produced, such as “metal in carbon”,
“metal oxides in carbon”, and “salt in carbon” materials. For
example, 1norganic salts such as Fe (NO:)j3, Ni(NOj);, Co(NO3); and
Cu(NU3) 3 may disperse homogenously in the material mixture of bio-oil
and polymerisation agents. In this case, the material mixture may be
heated up to the temperature such that the inorganic salt(s) can be
merged into the solid carbon material. At elevated —emperatures, e.d.
800°C depending on the type of salts added, these inorganic salts may
decompose to metal oxides and can even be reduced to metal by adjacent
carbon clusters or by an externally supplied reductant, such as
hydrcgen. In this way, a “mezal in carbon” composite materia’ may be
produced, which 1s somewhat similar to the traditional carbon
supporlted metal catalysts. However, the metal dispersion in the
carbon composite material will be more uniform than that in the
traditional catalysts. These materials may potentially be used as
catalysts or in other applications.

It should be noted that the method of producing the above mentioned
functionalised carbon materials may include the carbonisation at
temperatures from 400 to 1300°C, depending on the required properties
for the carbon material product.

Referring now to Figure 3, there 1is shown a polymerisation reactor 300
for producing a solid carbon material.

The polymerisation reactor 200 comprises at least one inlet 302 for
providing a material mixture. The material mixture comprises a
carbeon-containing material that is formed through the heat treatment
of carbonaceous feedstock, such as biomass, and i1s capable of
undergoing polymerisation, and a polymerisation agent, such as
furfural. The material mixture may comprise a further material, such
as fine carbonaceous particles or an additive such as an inorganic
salt.

It will be appreciated that the polymerisation reactor 300 may
comprise a p-urality of inlets. For example, eacna inlet may provide a
material component of the material mixture. In this regard, the
polymerisation reactor 300 may further comprise a region for mixing
the material components.

The polymerisation reactor 200 further comprises a reaction region in
the form of a vessel 304 in which the material mixture is received.

The wvessel 3041 can be heated by a heat source, such as the preheated
gas 322 from a combustor 320. For inducing the polymerisation of the
carbon-containing material which in this example is bio-oil, the heat
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source may heat the vessel 304 to a temperature between 50 and 400°C,
depending on the properties of the material mixture.

As described above, at least some of the polymerisaticn of the bio-oil
takes place within the pores of the porous material which in this case
is biochar.

In this way, a solid carbon material is produced thaz can be obtained
through outlet 308. Alternatively, the solid carbon material product
may be discharged by opening the reactor (e.g. the vessel 304).

In this example, the polymerisation of bio-oil takes place within the

vessel 304 in an inert environment. For providing an oxygen-deficient
environment, the polymerisation reactor comprises a gas inlet 306 for

receiving an inert gas within the vessel 304. An exemplary inert gas

may be nitrogen. However, other suitable inert gases are envisaged.

In this example, the vessel 304 is initially at atmospheric pressure.
However, other conditions are envisaged. Furthermore, the bio-o0il and
the polymerisation agent within the vessel 304 are possibly volatile.
In this case, the generation of vapour pressure at elevated
temperaturces may be incvitable.

The polymerisation of the bio-cil takes place at relatively low
reaction temperature and the molecular sizes of the organics within
the bio-oil grow, which in turn reduces the vapour pressure. This
allows the temperature of the vessel 304 to continue to increase
without creating significant vapour pressure. With a gradual increase
of the reaction temperature, the polymerisation of the bio-0il can
accelerate.

In a particu_ar example, the temperature of the vessel 304 will be
gradually increased. For example, during the initial stages of the
polymerisation process, the temperature may be controlled at below
100°C to avoid high vapour pressure in the polymerisation reactor 300.
The holding time of the malerial mixture within the vessel 304 at
below 100°C may vary over a wide range, e.g. from minutes to hours.

At these relatively low reaction temperatures, the polymerisation
reactions can still occur. With the progress of the polymerisation
process, the temperature will be increased step by step without
generating significant vapour pressure. 'The holding time at different
temperatures is varied to leave enough time for the occurrence of the
polymerisation reactions.

Maintaining _ow vapour pressure during the polymerisation process may
be an important economical consideration.
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A further way of achieving a low vapour pressure would be a pre-
treatment of at least components of the material mixzure. In the
above described example, the vapour pressure mainly ccmes from the
bio-¢1l in the material mixture. In this regard, the bio-o0il may be
processed to decrease its volatility before mixing iz with the
polymerisation agent and the carbonaceous particles of the biochar.
The light components in bio-oil such as water and small organics may
be removed via distillation or other methods. In this way, the
pressure within the vessel 204 maybe decreased.

An advantage of a non-pressurised vessel 304 1s the low pressure in
the polymcrisation rcactor 200. Sincc the vesscl 204 docs not nced to
sustain significant pressure, the cost in manufacturing the
polymerisation reactor 300 will be reduced significantly. Moreover,
safety issues associlated with operating the polymerisation reactor 300
may also be reduced.

The polymerisation process may be repeated to the extent that a
majority of the molecules in the bio-o0il that are capable of
undergoing polymerisation are solidified. After the solidification of
the bio-0il via polymerisation, the temperature of the vessel 304 may
further be increased to thermally treat the produced solid carbon
material. In this regard, the heat source 320 is arranged to further
heat the vessel 304 in which the produced solid carbon material is
healed Lo a lemperature of approximately 400 Lo 1500°C, depending on
the desired properties of the final solid carbon material product. In
this way, the carbon material can be carbonised to release volatiles.

It will be appreciated that the polymerisation reactor 300 may
comprise a further dedicated region for performing the carbonisation
of the produced solid carbon material. LFor example, the carbonisation
may be conducted in a second reactor or a second regicn within the
polymerisation reactor that can sustain the higher temperatures. It
should be noted that the reaction region for performing the
carbonisation may not need to sustain significant pressure. However,
conducting both the polymerisation and the carbonisazion in one vessel
304 has the advantage that there is no need for moving the carbon
material, in particular if the steps of polymerisation and
carbeonisation are repeated more than one time. It is also possible to
carry out the above-mentioned carbonisation in a separate reactor.

It is also envisaged that some lining materials on the reactor surface
may be required to prevent the carbon material product from becoming
stuck on the reactor wall and causing difficulties in discharging the
product.

For released volatiles, for example during the polymerisation process
or the carbonisation, the polymerisation reactor 300 comprises a
condenser 310. In this particular example, the condenser may use
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water as the coolant. It should be appreciated that cther ways of
cooling are also envisaged and considered within the scope of this
disclosure. At least some of the released volatiles 312 can be
condensed and transferred bacx into the vessel 304 to take part in the
polymerisation process. Volatiles 314 that cannot be condensed can
exit the polymerisation reactor 300 through an outlez 316, which then
further go through possible chemical recovery in the vessel 3.8. The
gases exiting the vessel 318 may contain combustibles that can form at
least part of the fuel for combustion in the combustor 320 to supply
the heat to the vessel 304.

In a further cmbodiment, there is provided a polymcrisation rcactor.
As an example, this is a moving-bed reactor. While the description
below 1is for the reactor to be positioned horizontally, the reactor
can also be positioned vertically or any other orientation. In this
embodiment, the material mixture, such as the bio-o0il, the biochar and
Lhe polymerisation agents, possibly in the form of a flowable slurry,
is fed into the polymerisation reactor from a top portion of the
polymerisation reactor. Again, the reactor walls may need to be lined
to facilitate the transfer of solid materials, especially in the cases
that lumps of solid carbon materials are to be produced.
Alternatively, the reaction mixture is fed into a chain of individual
compartments that move through or circulate around within the
polymerisation reactor. The tZemperature distribution in the
polymerisation reactor may not be uniform. The polymerisation reactor
may provide a temperature gradient, wherein the temperature increases
along the length of the polymerisation reactor from its inlet 302 to
its cutlet 308. Once the material mixture is fed intzc the
polymerisation reactor, the polymerisation process 1is induced.

While the material mixture moves along the polymerisation reactor, the
material mixture will gradually be heated to higher tTemperatures and
the polymerisation of the material mixture accelerates. In a specific
example, the further carbonisation of the solid carbon material takes
place in the same reactor. In another further example, the further
carbonisation takes placce in another scparatce carbonisation rcactor
placed in tandem with the polymerisation reactor.

The amount of volatiles generated during polymerisation and
carbonisation will depend on the characteristics of The bio-o0il, the
biochar and the polymerisation agent. The resultant hot gas stream of
these volatiles may flow 1n a jacket outside a portion of the
polymerisation reactor to transfer the heat into the reactor to heat
up the material mixturce to undcrgo polymerisation. It is cnvisaged
that some additional air may be introduced to burn or partially
oxidise the volatiles to generate additional heat and to prevent soot
formation. The air flow rate may be controlled to reach the required
temperature profile of the polymerisation reactor.
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Alternatively, the volatiles can be burned in a combustor to generate
a stream of hot gas, which then flows along a jacket cutside the
polymerisation reactor to supply the heat for the carbonisation and
polymerisation reactions.

Referring now to Figure 4, there is shown a further embodiment of a
polymerisation arrangement 400 for producing a solid carbon material.

The polymerisation arrangemenz 400 comprises a heat —reatment reactor
402 and a po_ymerisation reaczor 404. In the exemplary embodiment the
neat treatment reactor 402 is a pyrolysis reactor. A particu_ar
embodiment of the pyrolysis reactor 402 is described in further detail
in PCT intcrnational patcent application No. PCT/AU2011/000741. A
further embodiment of the pyrolysis reactor 402 is described in
further detail in PCT internatzional patent application No.
PCT/AU2014/001137. It will be appreciated that other types of heat
treatment reactors known today or that may be developed in future may
also be used.

In use, carbonaceous feedstock, such as biomass, i1is fed into the
pyrolysis reactor 402 through inlet 406 so that it can be pyrolysed.
The resultant product from the pyrolysis reactor, comprising a carbon-
containing material as described herein, is fed via line 408 to the
polymerisation reactor 404. In this regard it will be appreciated
that the carbon-containing material exiting the pyrolysis reactor
Lhrough line 408 is atL an elevated Lemperalure (e.g. 450°C). For
example, the carbon-containing material may be a bio-¢il vapour. The
elevated temperature of the carbon-containing material may be either
above or below the temperature required for subsequent polymerisation
thereof. Thus the pyrolysis reactor 404 is configured to either heat
or ccol the carbon-containing material to the temperature required for
the polymerisation to be carried out. In one embodiment, an entry to
or an initia’ section of the polymerisation reactor 404 can act as a
neat exchanger.

The polymerisation reactor 404 has an outlet 410. The polymerisation
reactor 404 may be positioned vertically, horizontally or inclined at
an angle. The description below is given for the case where
polymerisation reactor 404 is positioned vertically.

A side feed Zine 412 is configured to introduce a polymerisation
agent, such as furfural, into the polymerisation reactor 404 so that
the polymerisation agent can form the material mixture for reaction
and cause po_ymerisation of the carbon-containing matzerial.

In a preferred embodiment, side feed line 412 feeds into
polymerisation reactor 104 immediately after the carbon-containing
material has been cooled or heated up to the reguired polymerisation
temperature.
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The side feed line 412 may also introduce a further material, such as
fine carbonaceous particles or an additive such as an inorganic salt,
into the polymerisation reactor 404. The further material can be fine
particles of carbonaceous feedstock, such as coal or biomass, char or
mixtures of the carbonaceous feedstock and char. The side feed line
412 may also introduce a catalyst to increase a rate of the
polymerisation of the carbon-containing material.

It will be appreciated that the polymerisation reactor 404 may
comprise a p_urality of side feed lines. For example, each side feed
line may introduce a separate material at different lccations along
the polymcrisation rcactor 404. The scparatc matcrial may be a
polymerisation agent, further material or an additive and/or catalyst.

In a preferred embodiment, when biomass 1s fed into the pyrolysis
reactor 402, both bio-oil wvapour (the carbon-containing material) and
biochar (the further material) produced from the pyrolysis of the
biomass are transferred via line 408 into the polymerisation reactor
404. Non-condensable gases can also be transferred together therewith.

It will be appreciated that the polymerisation reactor 404 provides a
reaction region in which the carbon-containing material can be
polymerised. A particular advantage provided by the arrangement 400
is that it eliminates the need to first condense and then reheat the
carben-containing material for the polymerisation to cccur. In this
regard 1L wi’l be understood _‘hat in Lhe exemplary embodiment the
carbon-containing material fed through line 408 into the
polymerisation reactor 404 is at an elevated temperature close to or
above that required for the polymerisation thereof. By cooling or
neating the carbon-containing material, it is possible to introduce
the polymerisation agent into the polymerisation reactor 404 in a
regicn at which the carbon-containing material is at the desired
temperature for the polymerisation to occur. For example, the
polymerisation agent can be introduced into the polymerisation
reactor 404 in a region having a temperature between 500°C and 100°C
so that the polymerisation reaction can occur to produce the solid
carbon material while the material mixture is further conveyed through
the polymerisation reactor 404 before being exhausted from the
polymerisation reactor 404 through outlet 410.

In an alternative embodiment, the polymerisation arrangement 400 is
configured to have a dedicated heat exchanging unit located between
and in communication with pyrolysis reactor 402 and polymerisation
reactor 404 to cool or heat up the carbon-containing material.
Polymcrisation rcactor 404 may bc cquipped with hecat cxchanging
facilities to maintain the required reaction temperature profile along
its length. The solid carbon material product formed in
polymerisation reactor 404 may also be cooled in a lower section near
the cutlet 4.0.
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Any unreacted materials, such as non-polymerised carbon-containing
material and polymerisation agent, that 1s exhausted through outlet
410 can be separated from the solid carbon material and recyc_ed for
reuse.

As described above, at least some of the polymerisaticon of the bio-oil
takes place within the pores of the porous further material which in
this case is biochar. In this way, a solid carbon material is
produced that can be obtained through outlet 410.

In this example, the polymerisation of bio-oil takes place within the
polymerisation reactor 404 in an inert environment.

It is envisaged that the polymerisation reactor 404 will be operated
at atmospheric pressure. However, other conditions may also be used.

The polymerisation arrangement 400 may comprise a further vessel for
performing carbonisation of the produced solid carbon material’. For
example, the carbonisation may be conducted in a second reactor that
can sustain higher temperatures. In this regard, the second reactor
is arranged to further heat the produced solid carbon materia’ to a
temperature of approximately 400 to 1500°C to be carbonised and to
release volatiles, wherein the exact temperature depends on the
desired properties of the produced solid carbon material.

In an alternative embodiment, polymerisation reactor 404 is configured
to carbonise the solid carbon material in a lower section thereof.

In the claims which follow and in the preceding description of the
invention, except where the context requires otherwise due to express
languagc or nccessary implicatzion, the word “comprisc” or variations
such as “comprises” or “comprising” 1is used in an inclusive sense,
i.e. to specify the presence of the stated features but not to
preclude the presence or addizion of further features in various
embodiments of the invention.
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1. A method of producing a solid carbon material, the method
comprising:

providing a carbon-containing material formed through heat
treatment of carbonaceous feedstock, the carbon-containing material
being capable of undergoing polymerisation;

mixing the carbon-containing material with a polymerisation
agent to form a material mixture; and

heating the material mixture to a temperature at which
polymerisation of the material mixture occurs so as zZo¢ produce the
solid carbon matcrial.

2. The method of claim 1, wherein the carbon-containing material 1is
formed through pyrolysis or hydrothermal treatment or liquefaction or
other therma’ treatment of the carbonaceous feedstock.

3. A method of producing a solid carbon material, the method
comprising:

providing a carbon-containing material formed through pvrolysis
or hydrothermal treatment of carbonaceous feedstock, the carbon-
containing material being capable of undergoing polymerisation;

mixing the carbon-containing material with a polymerisation
agent to form a material mixture; and

heating the material mixture to a temperature at which
polymerisation of the material mixture occurs so as .¢ produce Lhe
solid carbon material.

4. The method of any one of the preceding claims, wherein the
carbcnaceous feedstock comprises biomass.

5. The method of any one of the preceding claims, wherein the
carbon-containing material comprises a flowable licuid or non-flowable
paste.

6. The method of any one of the preceding claims, further
comprising the step of mixing the carbon-containing material with a
further material.

7. The method of claim 6, wherein the further material has pores,
and wherein at least some polymerisation of the material mixture takes
place within the pores of the further material.

8. The method of claim 7, wherein the further material comprises
fine particles from at least one of: coal, biomass, and char.
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9. The method of any one of claims 6 to 8, wherein the further
material comprises an organic or inorganic additive ¢ produce a solid
carbcon material composite.

10. The method of claim 9, wherein the further material comprises an
inorganic sa_t to produce a carbon metal composite.

11. The method of any one of the preceding claims, wherein the step
of heating the material mixture is conducted in a step-wise manner.

12. The method of any one of the preceding claims, wherein the step
of heating the material mixture for the polymerisation of the material
mixture to occur is conducted in an inert environmenz.

13. The method of any one of the preceding claims, further
comprising the step of heating the produced solid carbon material to a
temperature at which the solid carbon material is carbonised and/or
devolatilised.

14. The method of claim 13, wherein the produced solid carbon
material is heated to a temperature between 400°C to 1500°C.

15. The method of claim 13 or 14, wherein the steps of inducing the
polymerisation of the material mixture and carbonising the produced
solid carbon material are repeated one or more times 1in an alternating
manner to ultimately increase a density of the produced solid carbon
material.

le. The method of any one of the preceding claims, further
comprising the step of providing a catalyst to increase a rate of the
polymerisation of the material mixture.

17. The method of any one of the preceding claime, further
comprising producing the polymerisation agent and a residue from the
carbcnaceous feedstock.

18. The method of claim 17, wherein the residue is further treated
to produce the carbon-containing material capable of undergoing
polymerisation and a further material that has pores in which some
polymerisation takes place.

19. The mcthod of claim 17 or 18, whecrein the residuc is pyrolysced
to produce the carbon-containing material capable of undergoing
polymerisation.

20. A method of producing a solid carbon material, the method
comprising:
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providing a carbon-containing material formed through the heat
treatment of carbonaceous feedstock, the carbon-containing material
being capable of undergoing polymerisation;

providing a further material having pores;

mixing the carbon-containing material and tnae further material
with a polymerisation agent to form a material mixture; and

heating the material mixture to a temperature at which
polymerisation of the material mixture occurs so as Zo produce the
solid carbon material,

wherein at least some of the polvmerisation of the material
mixture takes place within the pores of the further material.

21. A system for producing a solid carbon material and the system
comprising a polymerisation reactor, the polymerisaticn reactor
comprising:

at least one inlet for providing a material mixture, the
material mixlure comprising a carbon-containing material [ormed
through the heat treatment of carbonaceous feedstock, the carbon-
containing material being capable of undergoing polymerisation, and a
polymerisation agent;

a reaction region for receiving the material mixture; and

a heat source for providing heat to the reaction region;

wherein the material mixture in the reaction region 1s heated to
a temperature at which polymerisation of the material mixture occurs
so as to produce the solid carbon material.

22. A polymerisation reactor for producing a solid carbon material,
the polymerisation reactor comprising:

at least one inlet for providing a material mixture, the
material mixture comprising a carbon-containing material formed
through the pyrolysis or hydrothermal treatment of carbonaceous
feedstock, the carbon-containing material being capable of undergoing
polymerisation, and a polymerisation agent;

a reaction region for receiving the material mixture; and

a heat source for providing heat to the reaction region;

wherein the material mixturce in the rcaction region is hcated to
a temperature at which polymerisation of the material mixture occurs
so as to produce the solid carbon material.

23. The polymerisation reacz-or of claim 21 or 22, further comprising
a moving mechanism arranged to move the material mixture through the
reaction region, and wherein the heat source is arranged to heat the
reaction region so that the temperature increases along the reaction
rcgicn.

24, The polymerisation reaczor of any one of claims 21 to 23,
further comprising a further vessel connected in tandem with the
reaction region and being configured to heat the solid carbon material
to a temperature sufficient to carbonise and devolatilise the solid
carbon material.
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25. The polymerisation reac=z-or of any one of claims 21 to 23, which
is arranged to be heated to a temperature sufficient to carbonise and
devolatilise the solid carbon material.

26. The polymerisation reacz-or of any one of claims 21 to 25,
arranged to perform the method in accordance with any one of claims 1
to 20.

27. A solid carbon material or a carbon material composite produced
using the method of any one of claims 1 to 20.

28. A method of producing a solid carbon material, the method
comprising:

forming a carbon-containing material througnh the heat treatment
of carbonaceous feedstock, the carbon-containing material being
capable of undergoing polymerisation and being at an elevated
temperature;

cooling the carbon-containing material; and

introducing a polymerisation agent for mixing with the carbon-
containing material to form a material mixture, wherein the
polymerisation agent is introduced after the carbon-containing
material has been cooled to about a temperature recuired for
polymerisation thereof,

whereby polymerisation of the material mixture occurs to produce
the solid carbon material.

29. The method of claim 28, wherein the carbon-containing material
is formed through the pyrolysis of the carbonaceous feedstock.

30. The method of claim 28 or 29, wherein the carbonaceocus feedstock
comprises biomass.

31. The method of any one of claims 28 to 30, wherein the carbon-
containing material comprises a flowable liguid or non-flowable paste.

32. The method of any one of claims 28 to 31, further comprising the
step of mixing the carbon-containing material with a further material.

33. The method of claim 32, wherein the further mazerial has pores,
and wherein at least some polymerisation of the material mixture takes
place within the pores of the further material.

34. The method of claim 32 or 33, wherein the further material
comprises fine particles from at least one of: coal, biomass, and
char.
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35. The method of any one of claims 32 to 34, waerein the further
material comprises an organic or inorganic additive ¢ produce a solid
carbcon material composite.

36. The method of claim 3%, wherein the further material comprises
an inorganic salt to produce a carbon metal composite.

37. The method of any one of claims 32 to 36, waerein the further
material comprises solid residue formed during the heat treatment of
the carbonaceous feedstock to produce the carbon-containing material.

38. The method of any one of claims 28 to 37, waerein the step of
cooling the material mixture is conducted in a uniform or in a step-
wise manner.

39. The method of any one of claims 28 to 38, waerein cooling the
material mixture prior to and during polymerisation of the material
mixture is conducted in an inert environment.

40. The method of any one of claims 28 to 39, further comprising the
step of providing a catalyst Zo increase a rate of the polymerisation
of the material mixture.

11. The method of any one of claims 28 to 40, further comprising
producing the polymerisation agent and a residue during the heat
treatment of the carbonaceous feedstock.

42, The method of claim 41, wherein the residue is further treated
to produce the carbon-containing material capable of undergoing
polymerisation and to produce a further material that has pores in
which some polymerisation takes place.

13. The method of claim 411 or 412, wherein the residue is pyrolysed
to produce the carbon-containing material capable of undergoing
polymerisation.

44, A polymerisation arrangement for producing a solid carbon
material, the polymerisation arrangement comprising:

a heat treatment vessel configured to heat treat carbonaceous
feedstock to produce a carbon-containing material being capable of
undecrgoing polymcerisation, whercby in usc the carbon-containing
material exits the heat treatment vessel at an elevated temperature;

a polymerisation reactor configured to receive the carbon-
containing material and to cool the carbon-containing material as it
is conveyed through the polymerisation reactor;

at least one inlet for introducing a polymerisation agent into
the polymerisation reactor for mixing with the carbon-containing
material to form a material mixture, wherein the inlet is configured
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in use to introduce the polymerisation agent at a position where the
carbon-containing material is at about a temperature required for
polymerisation thereof;

whereby polymerisation of the material mixture occcurs to produce
the solid carbon material.

45. The polymerisation arrangement of claim 44, wherein the heat
treatment vessel is a pyrolysis reactor.

46, The polymerisation arrangement of claim 44 or 45, comprising a
neat exchange unit positioned between and in communication with the
neat treatment vessel and the polymerisation reactor and being
configurcd to cool or hcat the carbon-containing matcrial.

47. The po_ymerisation arrangement of any one of claims 44 to 46,
which has a region configured to heat the solid carbon material to a
temperature sufficient to carbonise and/or devolatilise the solid
carbon material.

48, The polymerisation arrangement of any one of claims 44 to 47,
further comprising a further vessel connected in tandem with the
polymecrisation rcactor and becing configurcd to hcat the solid carbon
material to a temperature sufficient to carbonise and devolatilise the
solid carbon material.

49, The polymerisation arrangement of any one of claims 44 to 48,
arranged to perform the method in accordance with any one of claims 28
to 43.

50. A solid carbon material or a carbon material composite produced
using the method of any onc of claims 28 to £3.
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