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Waste treatment system

Technical Field

The present invention relates to a method of treating waste and a waste treatment

system.

Background
Global plastics production has steadily increased in recent years. However, with

increased use, there is also an increase in the amount of plastic disposed as waste
after its first use. Some plastics are reused and recycled. However, the majority is

disposed as waste.

Waste plastic may be treated by several methods. An example of one such method
includes incineration which is environmentally unfriendly since it generates a large
carbon footprint and results in high emissions of harmful gases. Some waste treatment
methods involve melting and powdering for a second use. However, these pose issues
of contamination from the first use. Other methods include pyrolysis to produce

biodiesel. However, the pyrolysis results in high energy consumption.
There is therefore a need for an improved waste treatment process.

Summary of the invention

The present invention seeks to address these problems, and/or provides an improved

method and system for treating waste.

According to a first aspect of the present invention, there is provided a method of

treating waste, the method comprising:

- heating waste to generate inert gases and carbon dioxide;

- pyrolysing the waste in the presence of the inert gases and carbon
dioxide to form a mixture of hydrocarbons;

- catalytically dry reforming the mixture of hydrocarbons to form at least
carbon monoxide and hydrogen; and

- forming carbon nanomaterials from the carbon monoxide and hydrogen.
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The waste may be any suitable waste. According to a particular aspect, the waste may

be plastic waste, biomass or a combination thereof.
According to a particular aspect, the heating may comprise combusting the waste.

According to another particular aspect, the pyrolysing may comprise catalytic or non-
catalytic pyrolysing the waste. In particular, the pyrolysing may comprise catalytic
pyrolysing the waste in the presence of a pyrolysis catalyst. The catalyst may be any

suitable catalyst.

The pyrolysing may be performed under suitable conditions. For example, the

pyrolysing may be performed at a temperature of 400-1000°C.

According to a particular aspect, the dry reforming may comprise dry reforming of the
hydrocarbons with carbon dioxide to produce carbon monoxide and hydrogen gas. For

example, the carbon dioxide may be from the heating and pyrolysing.

The dry reforming may be performed under suitable conditions. For example, the dry

reforming may be performed at a temperature of 400-1000°C.

The forming carbon nanomaterials may comprise chemical vapour deposition of carbon
nanomaterials from the carbon monoxide and hydrogen. According to a particular
aspect, the chemical vapour deposition may be in the presence of a catalyst. The

catalyst may be any suitable catalyst.

The forming carbon nanomaterials may be performed under suitable conditions. For
example, the forming carbon nanomaterials may be performed at a temperature of 450-
1000°C.

The carbon nanomaterials formed in the forming carbon nanomaterials may comprise,
but is not limited to: carbon nanotubes, carbon spheres, carbon fibres, amorphous
carbon, graphene-based nanomaterials, or a combination thereof. The carbon
nanotubes may be single-walled carbon nanotubes, multi-walled carbon nanotubes, or

a combination thereof.

The method may further comprise treating any flue gas produced during the heating,

pyrolysing, dry reforming, and/or forming.
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According to a second aspect, there is provided a waste treatment system comprising:

- aninlet for receiving waste;

- a heating chamber coupled to the inlet for heating the waste;

- a pyrolysis chamber for pyrolysing the waste, the pyrolysis chamber
fluidically connected to the heating chamber,

- a dry reforming chamber fluidically connected to the pyrolysis chamber
for dry reforming hydrocarbons formed in the pyrolysis chamber; and

- a chemical vapour deposition (CVD) chamber connected to the dry

reforming chamber for forming carbon nanomaterials.

The system may further comprise an air inlet, wherein the heating chamber may be

fluidically connected to the air inlet.

The system may further comprise a condensation system for condensing exhaust
gases. The system may further comprise a flue gas treatment system in fluid
communication with the condensation system and/or CVD chamber for treating exhaust

gases.
The system may further comprise a gas outlet for venting exhaust gases.

Brief Description of the Drawings

In order that the invention may be fully understood and readily put into practical effect
there shall now be described by way of non-limitative example only exemplary
embodiments, the description being with reference to the accompanying illustrative

drawings. In the drawings:

Figure 1(a) shows a schematic representation of a method of treating waste according
to one embodiment of the present invention and Figure 1(b) shows a schematic
representation of a method of treating waste according to another embodiment of the

present invention;

Figure 2 shows a schematic representation of the waste treatment system according to

one embodiment of the present invention; and

Figure 3 shows a schematic representation of the waste treatment system according to

one embodiment of the present invention.
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Detailed Description

As explained above, there is a need for an improved method and system for treating

waste.

The present invention relates to a method for treating waste. The method is a green
method with a low carbon footprint as the by-products from the method may be
recycled in the method, thereby resulting in lower energy consumption. In general
terms, the invention relates to a method and system for conversion of waste in a fast,
efficient and green manner. In particular, the energy consumption is relatively low as
the method and system are configured to use energy and gases generated from one
part of the system and method for other parts/steps of the system/method. In this way,

the amount of external energy and input required to run the system/method is reduced.

Further, the method enables the waste to be converted into carbon nanomaterials,
thereby providing a high value output, which is a useful and environmentally friendly
end product. The method of the present invention is also a green method since the

energy consumption is low and because it enables a reduction in waste volume.

The method sequentially involves: combustion of waste to generate carbon dioxide and
heat, pyrolysis of waste, dry reforming of pyrolysed hydrocarbons, formation of carbon

nanomaterials, and optionally condensation and flue gas treatment.

According to a first aspect of the present invention, there is provided a method of

treating waste, the method comprising:

- heating waste to generate inert gases and carbon dioxide;

- pyrolysing the waste in the presence of the inert gases and carbon
dioxide to form a mixture of hydrocarbons;

- catalytically dry reforming the mixture of hydrocarbons to form at least
carbon monoxide and hydrogen; and

- forming carbon nanomaterials from the carbon monoxide and hydrogen.

Figure 1(a) provides a schematic representation of the method according to the present
invention. In particular, Figure 1(a) illustrates: combustion of waste to produce carbon
dioxide and heat for next steps; pyrolysis of waste to produce hydrocarbons CxH,;

catalytic dry reforming of CxH, with the CO, from the previous steps to produce carbon
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monoxide and hydrogen; generation of carbon nanomaterials by utilising syngas;
optional condensation of the exhaust gas to retain any hydrocarbons not reacted; and

optional treatment of flue gas before release to air.

Figure 1(b) illustrates one embodiment of the method according to the present
invention in which plastic waste is subjected to the method to form single walled carbon

nanotubes.

The waste may be any suitable waste for the purposes of the present invention.
According to a particular aspect, the waste may be, but not limited to, plastic waste,
biomass or a combination thereof. For example, the plastic waste may comprise
municipal plastic waste, which can include one or more of but not limited to, low-density
polyethylene (LDPE), high density polyethylene (HDPE), polypropylene (PP),
polystyrene (PS), polyethylene terephthalate (PET), or a combination thereof. For
example, the biomass may be, but not limited to, energy crops such as miscanthus,
switchgrass, wood or forest residues, waste from food crops, horticulture and

processed food such as wheat straw, bagasse, yard waste, corn cobs.

The method may comprise heating the waste. The heating may be any form of heating.
According to a particular aspect, the heating may comprise combusting the waste. The
heating may be under suitable conditions. For example, the heating may comprise
heating the waste under suitable conditions to enable the waste to be heated and/or
combusted to produce carbon dioxide and water. Heat may also be generated from the
heating. In particular, the heating may be at a temperature of < 1000°C. For example,
the heating may be at a temperature of 30-1000°C, 50-950°C, 100-900°C, 150-850°C,
200-800°C, 250-750°C, 300-700°C, 350-650°C, 400-600°C, 450-550°C. Even more in
particular, the heating may be at a temperature of 400-750°C.

The method also includes pyrolysing the waste to form hydrocarbons. In particular, the
pyrolysing results in the formation of smaller hydrocarbons from the waste. In the
method of the present invention, the pyrolysing is performed after the heating. This is
because during the heating, the oxygen in the air provided enables carbon dioxide and
nitrogen gas to be formed. The nitrogen gas and carbon dioxide gas from the heating
step are inert gases and may therefore be suitable for the subsequent pyrolysing

without requiring any further inert gas to be supplied during the pyrolysing. In this way,
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the method avoids the use of inert gas cylinders and/or generators, thereby making the

method safer and cheaper.

The heat energy generated from the heating may be subsequently utilised for the
pyrolysing. In this way, the method may not require any external energy source for

supplying heat energy to continue the method of the present invention.

According to another particular aspect, the pyrolysing may comprise catalytic or non-
catalytic pyrolysing the waste. In particular, the pyrolysing may comprise catalytic
pyrolysing the waste in the presence of a pyrolysis catalyst. The catalyst may be any
suitable catalyst. For example, the catalyst may be, but not limited to, acidic TiOg,

zeolites such as zeolite Y, HZSM-5, or a combination thereof.

The pyrolysing may be performed under suitable conditions. For example, the
pyrolysing may be performed for a pre-determined period of time and at a pre-
determined temperature. The pre-determined temperature may be 400-1000°C. In
particular, the pre-determined temperature may be 400-900°C, 450-850°C, 500-800°C,
550-750°C, 600-700°C. Even more in particular, the pre-determined temperature may
be 550-750°C.

The pre-determined period of time for the pyrolysing may be < 180 minutes. In
particular, the pre-determined period of time may be 5-180 min, 10-150 min, 20-100
min, 25-75 min, 30-70 min, 35-65 min, 40-60 min, 45-55 min. Even more in particular,

the pre-determined period of time may be 25-45 minutes.

Following pyrolysing, the hydrocarbons formed from the pyrolysing may be subjected to
dry reforming. Dry reforming may comprise a method of producing synthesis gas
(syngas) from the reaction of carbon dioxide with hydrocarbons. According to a
particular aspect, the dry reforming may comprise dry reforming of the hydrocarbons
with carbon dioxide to produce carbon monoxide and hydrogen gas. The carbon
dioxide formed from the heating may be used in the dry reforming. According to
another particular aspect, the carbon dioxide may be from the previous steps of heating

and pyrolysing or from an external source, such as flue gas containing carbon dioxide.

The dry reforming may be in the presence of a dry reforming catalyst. The dry

reforming catalyst may be any suitable catalyst. For example, the dry reforming catalyst
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may be a transition metal-based catalyst. The dry reforming catalyst may be, but is not
limited to, iron (Fe)-based, cobalt (Co)-based, nickel (Ni)-based, ruthenium (Ru)-based,
rhodium (Rh)-based catalyst. The transition metal may be supported on a suitable
support. For example, the transition metal may be supported on, but not limited to,
aluminium oxide, silicon dioxide (SiO), zirconium oxide (ZrO), titanium oxide (TiOy),
manganese oxide (MgO), zeolite, mineral clay, or a combination thereof. The
aluminium oxide support may comprise, but is not limited to, a-Al2O3, y-AlOs, or a
combination thereof. According to a particular aspect, the dry reforming catalyst may
comprise, but is not limited to, Ni-Co-Al, Ni-Co-Al-Mg, Co-Al-Mg, Co-Al-Zr, or a

combination thereof.

The dry reforming may be performed under suitable conditions. For example, the dry
reforming may be performed at a temperature of 400-1000°C. In particular, the dry
reforming may be performed at a temperature of 500-950°C, 600-900°C, 650-850°C,
700-800°C, 725-750°C. Even more in particular, the temperature may be 500-850°C.

The dry reforming may be performed for a suitable period of time. For example, the dry
reforming may be carried out for < 180minutes. In particular, the dry reforming may be
carried out for 5-180 min, 10-150 min, 20-100 min, 25-75 min, 30-70 min, 35-65 min,
40-60 min, 45-55 min. Even more in particular, the dry reforming may be carried out for
25-45 minutes.

The dry reforming may be represented by the following equations:

CO2 + CiHy > CO + Hz (Eq. 1)

HZO + CxHy —> CO + H2 (Eq 2)

In particular, the dry reforming comprises use of the carbon dioxide and water from the
heating and reacts with hydrocarbons formed from the pyrolysing, as shown in

equations 1 and 2.

The carbon monoxide and the hydrogen formed in the dry reforming are then used in
forming carbon nanomaterials. The forming carbon nanomaterials may be by any
suitable means. The forming carbon nanomaterials may be in the presence of a

catalyst. The forming may be represented by the following equation:
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CO+Hz—>C+H0 (Eq. 3).

According to a particular aspect, the forming carbon nanomaterials may comprise
chemical vapour deposition (CVD) of the carbon monoxide and hydrogen to form the
carbon nanomaterials. The CVD may be in the presence of a CVD catalyst. The
catalyst may be any suitable catalyst. The CVD catalyst may be in the form of
nanoparticles. In particular, the CVD catalyst may be in the form of nanocrystals. For
example, the CVD catalyst may be transition metal-based catalysts. The catalysts may
be such so as to minimise amorphous carbon production and control the conditions to

favour the formation of the carbon nanomaterials.

The transition metal comprised in the transition metal-based catalysts may include, but
is not limited to, Co, Fe, Mo, Cu, Ni, Au, Pt, Pd, or alloys thereof. In particular, the CVD
catalysts may be Co-MgO, Fe-Mo/MgO, Fe-Cu/MgO, (Fe, Co)Ni/CeO5, (Ni, Co)Fe/a- or
v-Al.O3, monolithic Fe, Co/y-Al,O3, MoOs/AlO3, Ni-Co/Al,Os, (Fe, Co)Ni/zeolites, Ni-
Co/Si, (Pt, Au)Pd/Al,O3, W/Co, or alloys thereof. Even more in particular, the CVD
catalyst may be, but not limited to, Co-zeolite, Co-Fe-zeolite, Co-Ni-zeolite, Co-Mg, or

alloys thereof.

The forming carbon nanomaterials may be performed under suitable conditions. For
example, the forming carbon nanomaterials may be performed at a temperature of 450-
1000°C. In particular, the forming carbon nanomaterials may be performed at a
temperature of 450-950°C, 500-900°C, 550-850°C, 600-800°C, 650-750°C, 700-725°C.

Even more in particular, the temperature may be 500-850°C.

The forming carbon nanomaterials may be performed for a suitable period of time. For
example, the forming carbon nanomaterials may be carried out for < 180 minutes. In
particular, the forming carbon nanomaterials may be carried out for 5-180 min, 10-150
min, 20-100 min, 25-75 min, 30-70 min, 35-65 min, 40-60 min, 45-55 min. Even more in

particular, the forming carbon nanomaterials may be carried out for 25-45 minutes.

The carbon nanomaterials may be formed on the surface of the dry reforming catalyst
and/or the CVD catalyst.
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The carbon nanomaterials formed in the forming carbon nanomaterials may be any
suitable carbon nanomaterials. For the purposes of the present invention, carbon
nanomaterial is defined as any carbon-based material which comprises at least one

dimension in the nanoscale.

The carbon nanomaterials may comprise, but is not limited to: carbon nanotubes,
carbon spheres, carbon fibres, amorphous carbon, graphene-based nanomaterials, or
a combination thereof. In particular, the carbon nanotubes may be single-walled carbon
nanotubes, multi-walled carbon nanotubes, or a combination thereof. Even more in
particular, the carbon nanomaterials may be single-walled carbon nanotubes. The

single-walled carbon nanotubes may comprise single chirality.

For the purposes of the present invention, a carbon nanotube may be defined as a
nanoscale graphene cylinder (formed by rolled up one atom-thick sheets of graphite
called graphene) that are closed at each end by half of a fullerene molecule. A carbon
nanotube comprising only one cylinder is termed a single-walled carbon nanotube and
carbon nanotubes comprising two or more graphene cylinders is termed a multi-walled

carbon nanotube.

The single-walled carbon nanotubes may be metallic or semiconducting and may have
bandgap in the range of 0.4 to about 2 eV while the multi-walled carbon nanotubes
may be zero bandgap metals. The single-walled carbon nanotube may have a diameter

in the range of 0.4-3 nm.

The carbon nanomaterials formed may be used in several applications including, but
not limited to: electromagnetic and microwave absorbing coatings, thermal interface
materials, ionic and electronic transport devices such as actuators, super capacitors,
batteries, fibres, sensors, energy storage and energy conversion devices, radiation
sources and nanometre-sized semiconductor devices, field emission tips for
applications such as field emission displays, X-ray tubes, electron sources for
microscopy and lithography, gas discharge tubes, vacuum microwave amplifiers,
scanning probe tips, interconnect applications, and the like. The carbon nanomaterials
formed may be further doped in order to tune their electronic response for use as a
transistor or logic element. The carbon nanomaterials may also be used as membranes

for water purification and gas separation.
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The carbon nanomaterial formed may have an average size of 0.5-100 nm. In
particular, the carbon nanomaterial may have an average size of 1-90 nm, 5-85 nm,
10-80 nm, 15-75 nm, 20-70 nm, 25-65 nm, 30-60 nm, 35-55 nm, 40-50 nm. Even more

in particular, the carbon nanomaterial may have an average size range of 1-5 nm.

According to a particular aspect, the dry reforming and the forming the carbon
nanomaterials may be simultaneous. In particular, the dry reforming step may utilise
two greenhouse gases (carbon dioxide and hydrocarbon gases which may be
produced from the pyrolysing) and may produce hydrogen and carbon monoxide. The
forming carbon nanomaterials step may also produce carbon dioxide, which in turn
may be utilized as a reactant in the dry reforming step. Further, the hydrogen produced
in the dry reforming step may react with carbon dioxide, resulting in formation of carbon
monoxide, which is advantageous as the carbon monoxide may be used for the

forming of the carbon nanomaterials.

The dry reforming may comprise a by-reaction between carbon dioxide and hydrogen.
This may be due to low activation energy, as shown in Equation 4. In particular, when
the carbon monoxide content is high and hydrogen content is low due to the by-
reaction during the dry reforming, a by-reaction may also happen in the forming carbon
nanomaterials step. This by-reaction and disproportionation of carbon monoxide may

form carbon nanomaterials and carbon dioxide, as shown in Equation 5.

COs;+ H, » CO + H,O (Eq. 4)

CO—->C+CO: (Eq. 5).

The method may further comprise condensing the hydrocarbon gases to retain and
redirect the hydrocarbon gases for further use in the method of the invention. For
example, the redirected hydrocarbon gas may be subjected to further dry reforming.
The condensing may be by any suitable means. For example, the condensing may be

carried out in a condensing system.

The method may further comprise treating any flue gas produced during the heating,
pyrolysing, dry reforming, and/or forming. The treating may be in a flue gas treatment

system. For example, the method may comprise treating any excess carbon monoxide,
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carbon dioxide, or hydrocarbon gas before being discharged. The treating may

minimise odorous and/or environmentally harmful gas emissions.

Overall, the method of the present invention provides an exothermic reaction with a
negative entropy value. Accordingly, the method does not require any external energy
supply and may be self-sustainable. The heat generated during the heating may be
utilised for the subsequent steps in the method. Any excess heat generated may also
be harnessed and used for other applications. Another advantage of the method is that
the carbon dioxide produced during the various steps may be utilised by other steps in

the method, and accordingly, the overall carbon dioxide emission may be reduced.

The method of the present invention therefore allows heat energy to be recycled,
cutting down on the amount of heat to be supplied by an external heat source, making

the method more environmentally friendly.

The combination of the various steps described above is important for the purposes of
the present invention. In particular, in the method of the present invention, the dry
reforming comprises dry reforming mixed hydrocarbon gases. The hydrocarbon gases
comprise methane as well as other higher molecular weight gases. Further, the
sequence of the various steps in the method of the present invention ensures the self-
sustainability of the method. For example, since the heating is the first step, it enables
its product to be utilised in the subsequent dry reforming step. Further, the
subsequently generated reducing gases from the pyrolysing and dry reforming enable
a reducing atmosphere to be maintained. If, on the other hand, the heating was set as
a second step following pyrolysing, all hydrocarbons produced from the pyrolysing may
be burnt producing an oxidizing atmosphere (carbon dioxide) and no hydrocarbons

would be available for subsequent dry reforming.
According to a second aspect, there is provided a waste treatment system comprising:

- aninlet for receiving waste;

- aheating chamber coupled to the inlet for heating the waste;

- a pyrolysis chamber for pyrolysing the waste, the pyrolysis chamber
fluidically connected to the heating chamber,

- a dry reforming chamber fluidically connected to the pyrolysis chamber

for dry reforming hydrocarbons formed in the pyrolysis chamber; and
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- a chemical vapour deposition (CVD) chamber connected to the dry

reforming chamber for forming carbon nanomaterials.

The waste treatment system may further comprise an air inlet, wherein the heating
chamber may be fluidically connected to the air inlet. The air inlet may be configured to

supply air to the heating chamber when the system is in use.

The heating chamber may be any chamber suitable for heating waste. For example,

the heating chamber may be a combustion chamber.

The waste treatment system may further comprise a condensation system for
condensing exhaust hydrocarbon gases. The condensation system may be any
suitable condensation system. In particular, the condensation system may comprise an
adsorbent suitable for adsorbing hydrocarbon gases. For example, the condensation
system may comprise metallic, quartz, or ceramic tube/pipes, optionally with a heat

sink.

According to a particular aspect, the waste treatment system may further comprise a
flue gas treatment system in fluid communication with the condensation system and/or
CVD chamber for treating exhaust gases. In use, the heating chamber, the pyrolysis
chamber, dry reforming chamber and CVD chamber may emit flue gas which may
therefore be treated before being discharged into the atmosphere. In this way, the
system of the present invention does not emit any harmful and/or odourful gas into the
atmosphere, making the system an environmentally friendly system. The flue gas
treatment system may be any suitable system for the purposes of the present
invention. In particular, the flue gas treatment system may comprise adsorbing

solutions and/or solid cartridges for odour removal.

The system may further comprise a gas outlet for venting exhaust gases. In particular,
the gas outlet may be fluidically connected to the flue gas treatment system for venting

treated flue gas.

The waste treatment system may also comprise a temperature controller configured to
measure temperatures of the heating chamber, pyrolysis chamber, dry reforming
chamber and CVD chamber. In particular, the temperature controller may be

configured to adjust the heating carried out in the heating chamber to ensure that
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sufficient heat is generated in the waste treatment system such that sufficient
temperature is maintained in each of the pyrolysis chamber, dry reforming chamber
and CVD chamber depending on the temperature of each of the chambers. The
temperature controller may comprise an alarm to alert a user if the temperatures of the
pyrolysis chamber, dry reforming chamber and/or CVD chamber falls below a certain
pre-determined temperature. The temperature controller may be further connected to
an external heat source to adjust the amount of heat being supplied to the waste

treatment system in the event additional heat is required.

The waste treatment system may be for performing the method as described above in

relation to the first aspect of the present invention.

Figure 2 shows a waste treatment system 100 according to one embodiment of the
present invention. The system 100 comprises an inlet (not shown) into which the waste
to be treated is fed. The inlet may be connected to a heating chamber 113 and a
pyrolysis chamber 106. The waste 105 supplied to the heating chamber 113 and the
pyrolysis chamber 106 may be placed in a container 104 within the respective
chambers 113 and 106. The system 100 may further comprise an air inlet 112 for

supplying air to the heating chamber 113.

The heating chamber 113 and the pyrolysis chamber 106 may be fluidically connected
to each other. In this way, any gases and heat produced in the heating chamber 113

may flow to the pyrolysis chamber 106.

The system 100 may further comprise a dry reforming chamber 114 and a CVD
chamber 119. The dry reforming chamber 114 is connected to the pyrolysis chamber
106 which in turn is connected to the CVD chamber 229. According to a particular
aspect, the dry reforming chamber 114 and the CVD chamber 119 may be separated
by a filter 117. The filter 117 may be any suitable filter. For example, the filter 117 may

be a sintered filter.

The dry reforming chamber 114 may comprise dry reforming catalyst 116. The dry
reforming catalyst 116 may be any suitable catalyst. For example, the dry reforming

catalyst 116 may be as described above in relation to the method of treating waste.
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The CVD chamber 119 may comprise CVD catalyst 118. The CVD catalyst 118 may be
any suitable catalyst. For example, the CVD catalyst 118 may be as described above in

relation to the method of treating waste.

The dry reforming chamber 114 and the CVD chamber 119 may further comprise heat
insulation material 115 to retain the temperature within the chambers 114 and 119. Any
suitable heat insulation material may be used. For example, the heat insulation material

115 may be, but not limited to, glass wool.

The system 100 may further comprise a condensation system 120. The CVD chamber
119 may be in fluid communication with the condensation system 120. In particular, the
condensation system 120 may enable hydrocarbon gases produced within the system
100 to be retained and reused. Accordingly, the condensation system 120 may

comprise a hydrocarbon adsorbent.

The condensation system 120 may be further connected to a flue gas system 109. In
particular, pipes may enable flue gases from the condensation system 120 to be
channelled to the flue gas treatment system 109 before being vented out from outlet
108. The flue gas treatment system 109 may be any suitable system for treating flue
gas such as, but not limited to, excess CO, excess COz, SOz, SOs, H2S, HCI.

Figure 3 shows a waste treatment system 200 according to another embodiment of the
present invention. The components of the system 200 are similar to the components of
the system 100. The difference between the systems 200 and 100 is in the
arrangement of the components. The advantage of the system 200 over the system
100 is that there would be more contact time of the reactants within the dry reforming
chamber 114 and the CVD chamber 119 with the dry reforming catalyst 116 and the
CVD catalyst 118, thereby improving yield of the carbon nanomaterials formed within

the system.

The method of the present invention will now be described in relation to the waste
treatment system 100. Waste 105 is fed through an inlet of the heating chamber 113
and the pyrolysis chamber 106. Air is supplied to the heating chamber 113 via an air
inlet 112. At the heating chamber 113, combustion of the waste 105 takes place. The
combustion of the waste 105 results in the production of carbon dioxide and heat. The

heated carbon dioxide gas is channelled to the pyrolysis chamber 106.
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Subsequently, pyrolysis of waste 105 is carried out in the pyrolysis chamber 106. The
pyrolysis may be carried out at a temperature of about 400-700°C. The heat for the
pyrolysis is provided by the heat from the combustion of the waste 105 in the heating
chamber 113. After a pre-determined period of time, the pyrolysis of the waste 105

results in the formation of hydrocarbon gases.

The hydrocarbon gases are then channelled to the dry reforming chamber 114 which in
turn is connected to the CVD chamber 119. The carbon dioxide and hydrocarbon
gases channelled into the dry reforming chamber 114 may undergo dry reforming in
which carbon monoxide and hydrogen may be produced. The dry reforming within the
dry reforming chamber may be at a temperature of 600-900°C in the presence of dry
reforming catalysts 116. The carbon monoxide formed may further react with the
hydrogen gas in the CVD chamber 119 to form carbon nanomaterials. The carbon
nanomaterials may be formed within the CVD chamber 119 at a temperature of 450-
700°C in the presence of CVD catalysts 118. The carbon nanomaterials may be formed

on the surface of the dry reforming catalysts 116 and the CVD catalysts 118.

Any unreacted gases and/or flue gases from the heating chamber 113, pyrolysis
chamber 106, dry reforming chamber 114, and CVD chamber 119 are routed to a
condensation system 120 followed by a flue gas treatment system 109 via pipes. After
the gases undergo treatment in the flue gas treatment system 109, the cleaned gases

are vented out of the system 100 or 200 via outlet 108.

The present invention provides several advantages. In particular, the waste treatment
system and method for treating waste have a low carbon footprint since the system and
method utilise minimal external energy in view of the using the heat energy generated
during the waste treatment process, as well as utilising the products from previous
steps of the method. The system and method enable waste to be formed into a useful
form. The system and method also enable any flue gases to be suitably handled,

thereby eliminating release of unpleasant process related gases and odours.

Having now generally described the invention, the same will be more readily
understood through reference to the following examples, which are provided by way of

illustration, and are not intended to be limiting.
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EXAMPLE
In the following example, all chemicals used are from Sigma-Aldrich.
Pyrolysis

10.0 grams of plastic waste comprising 42% LDPE, 20% HDPE, 16% PS, 12% PET,
10% PP (all by weight) was provided in a pyrolysis reactor and heated at a heating rate
of 10°C/min and pyrolysed at 600°C with 200 ml/min of CO> as carrier gas. It was
observed that at 530°C, methane started to be generated. Pyrolysis products mainly
comprised 97.9% v/v of methane and 21,000 ppm of other hydrocarbons (CxHy). The
pyrolysis was continued for 30 minutes. The final solid residue was 0.14 g, containing

mainly carbon spheres, with a narrow diameter distribution 100-250 nm.
Dry reforming catalysts

Dry reforming catalysts Ni-Co-Al, Ni-Co-Al-Mg, Co-Al-Mg and Co-Al-Zr were

synthesized as follows.

To synthesize Ni-Co-Al catalyst, firstly, 24.9 g of Co(CH;COQ)24H-O, 1.17 g
Ni(NOs).-6H20 of and 0.27 g of Alx(SO4)s-18H.0 were added to 150 ml of deionized
water, and the mixture was heated and stirred at 40°C for two hours until completely
dissolved. Subsequently, 1.0 M of ammonia was slowly added to the mixed solution
with agitation until at pH of 8.3, a large amount of precipitate appeared. About 10
minutes later, the precipitate was filtered, washed (with DI water) and dried overnight at
50°C before calcination in a reaction furnace at 750°C for about 3 hours. Finally, the

obtained solid was ground into fine powder.

Ni-Co-Al-Mg, Co-Al-Mg and Co-Al-Zr catalysts were prepared in a similar manner with

synthesis conditions summarized in Table 1.

Atomic ratio H Calcination

Catalyst Ni Co Mg Al Zr vaplue temperature
Ni-Co-Al 5 125 - 1 - 8.3 750°C
Ni-Co-Al-Mg 1 1 1 1 - 8.3 750°C
Co-Mg-Al - 1 20 20 - 10.0 750°C
Co-Al-Zr - 2 - 1 20 9.5 800°C

Table 1: Preparation conditions of dry reforming catalysts
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CVD catalysts

CVD catalysts Co-zeolite, Co-Fe-zeolite, Co-Ni-zeolite, and Co-Mg were prepared
through ion exchange as follows. To prepare Co-zeolite catalyst, 0.46 g of
Co(CH3CO0)2:4HO and 5 g of zeolite were dissolved or dispersed in 200 ml of
deionized water with stirring at 40°C for two hours. Subsequently the solution was
filtered, washed and dried overnight before calcination at 500°C for 6 hours. Finally, it

was ground into very fine powder.
Co-Fe-zeolite and Co-Ni-zeolite were prepared in a similar manner.

To synthesize Co-Mg catalyst, precursors (cobalt acetate, magnesium chloride) were
mixed uniformly and 1.0 M of ammonia was added until a pH value 9.6 was reached to
form a precipitate. The synthesis conditions of the CVD catalysts are summarized in
Table 2.

Atomic ratio H Calcination

Catalyst Co Ni Fe Mg zeolite vaplue temperature
Co-zeolite 1 - - - 50 - 500°C
Co-Ni-zeolite 1 1 - - 33 - 750°C
Co-Fe-zeolite 1 - 1 - 33 - 500°C
Co-Mg 1 - - 9 - 9.6 750°C

Table 2: Preparation conditions of CVD catalysts

Formation of carbon nanomaterials

2.0 grams of plastic waste (comprising by weight 42% LDPE, 20% HDPE, 16% PS,
12% PET, 10% PP) was placed in a pyrolysis chamber. 0.4 g of Ni-Co-Al as dry
reforming catalyst and each of the CVD catalyst as shown in Table 2 were provided
and heated at a heating rate 40°C/min. The waste was pyrolysed and catalytically dry
reformed at 600°C for 60 minutes with 100 ml/min of CO; as a carrier gas. CO- carrier
gas was used to replace the combustion step to simplify the experiments. CO, COy,
CH4, C2H2 and CoHas were detected after CVD reaction using all the respective CVD

catalysts.
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Following the CVD, both single-walled carbon nanotubes and multi-walled carbon

nanotubes were found on the surface of the CVD catalysts.

Whilst the foregoing description has described exemplary embodiments, it will be
understood by those skilled in the technology concerned that many variations may be

made without departing from the present invention.
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Claims
1. A method of treating waste, the method comprising:
- heating waste to generate inert gases and carbon dioxide;
- pyrolysing the waste in the presence of the inert gases and carbon
dioxide to form a mixture of hydrocarbons;
- catalytically dry reforming the mixture of hydrocarbons to form at least
carbon monoxide and hydrogen; and
- forming carbon nanomaterials from the carbon monoxide and hydrogen.
2. The method according to claim 1, wherein the waste is plastic waste, biomass,

or a combination thereof.

3. The method according to claim 1 or 2, wherein the heating comprises

combusting the waste.

4. The method according to any preceding claim, wherein the pyrolysing

comprises catalytic or non-catalytic pyrolysing the waste.

5. The method according to any preceding claim, wherein the pyrolysing

comprises catalytic pyrolysing the waste in the presence of a pyrolysis catalyst.

6. The method according to any preceding claim, wherein the pyrolysing is

performed at a temperature of 400-1000°C.

7. The method according to any preceding claim, wherein the dry reforming
comprises dry reforming of the hydrocarbons with carbon dioxide to produce carbon

monoxide and hydrogen gas.

8. The method according to claim 7, wherein the carbon dioxide is from the

heating and pyrolysing.

9. The method according to any preceding claim, wherein the dry reforming is

performed at a temperature of 400-1000°C.
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10. The method according to any preceding claim, wherein the forming carbon
nanomaterials comprises chemical vapour deposition of carbon nanomaterials from the

carbon monoxide and hydrogen.

11. The method according to claim 10, wherein the chemical vapour deposition is in

the presence of a catalyst.

12. The method according to any preceding claim, wherein the forming carbon

nanomaterial is performed at a temperature of 450-1000°C.

13. The method according to any preceding claim, wherein the carbon
nanomaterials formed in the forming carbon nanomaterials comprises: carbon
nanotubes, carbon spheres, carbon fibres, amorphous carbon, graphene-based

nanomaterials, or a combination thereof.

14. The method according to claim 13, wherein the carbon nanotubes are single-

walled carbon nanotubes, multi-walled carbon nanotubes, or a combination thereof.

15. The method according to any preceding claim, further comprising treating any

flue gas produced during the heating, pyrolysing, dry reforming, and/or forming.

16. A waste treatment system comprising:

- aninlet for receiving waste;

- aheating chamber coupled to the inlet for heating the waste;

- a pyrolysis chamber for pyrolysing the waste, the pyrolysis chamber
fluidically connected to the heating chamber,

- a dry reforming chamber fluidically connected to the pyrolysis chamber
for dry reforming hydrocarbons formed in the pyrolysis chamber; and

- a chemical vapour deposition (CVD) chamber connected to the dry

reforming chamber for forming carbon nanomaterials.

17. The system according to claim 16, further comprising a condensation system

for condensing exhaust gases.
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18. The system according to 16 or 17, further comprising a flue gas treatment

system in fluid communication with the condensation system and/or CVD chamber for

treating exhaust gases.

19. The system according to any of claims 16 to 18, further comprising a gas outlet

for venting exhaust gases.

20. The system according to any of claims 16 to 19, wherein the heating chamber is

fluidically connected to an air inlet.
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