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PELLETIZED FORM OF A COMPOSITE MATERIAL AND METHOD OF
PRODUCING SAME

The present invention relates to a pelletized form of a composite material and a method of
producing same. The present invention also relates to the use of a pelletized form of a

composite material for gas separation applications.

Background

As an example of a composile material used for gas separation applications, adsorbents
have been explored to facilitate €O, capture from mixed gas streams such as post
combustion flue gas. syngas, natural gas and air to thereby satisfy the world’s growing
demand for energy whilst reducing the global atmospheric concentration of greenhouse
gases in order to slow global warming / climate change. Many recent adsorbent
technology developments have focussed in particular on the preparation of such materials
as powders. However it has been recognized that pelletized sorbents will be preferable for
pressure swing adsorption (PSA) and temperature swing adsorption (TSA) which are

typical industrial gas separation processes.

As a specific example, Polyethyleneimine (PEI) loaded with MCM-41 type mesoporous
silica has been found to prepare a high capacity “molecular basket™ type CQ; sorbent. PEIl
was subsequently loaded into mesoporous type silicas with substantially larger pore
volumes such as SBA-15 and mesocellular siliceous foam (MCF), to prepare adsorbents
with even greater PE] content (and thereby greater CO» capacity) both per unit mass and

per unit space volume as are therefore more attractive for indosteial applications.

Pelletization of MCF-PEI composites has been found to be problematic. Rather than
forming pellets when the MCF-PEl composiie material was subjecied to compression
forces, the material was found to extrude and/or become sticky. This was attributed to

PEI's being viscous Liguids and the MCFE-PEI comaposite material sorbents {at particularly
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high PEI loadings) thereby being essentially a solid in liquid dispersion and the presence of

"tacky" or "sticky” PEI on the external surfaces of the support material

Therefore it is desirable to provide a pelletized form of composite materials which find vse

in gas separation applications and a process for preparing same.

Summary

According to one aspect there is provided a process for the preparation of a pelletized form
of a composite material for gas separation applications, the composite material including a
solid support material and at least one separate sorption active phase, wherein the process
includes the following steps:

a. treating the composite material with a gas (o alter the physical characteristics of the
at Jeast one separate sorption active phase and transform the composile material into a
different form to facilitate pelletization of the treated composite material; and,

b. compressing or compacting the treated composite material lo prepare the pelletized

form of the composite material.

In one form, the process includes the further step ¢. treating the pelletized form of the
composite material to provide at least a partial reversal of the alteration of the physical

characteristics of the at least one separate sorption active phase in step a.

According to another aspect there is provided a process for the preparation of a pelletized
form of a composite material for gas separation applications, the composite material
wncluding a solid support material and at least one separate sorption active phase, the
process incloding the following steps: combining the solid support material with the at
least one separate sorption active phase via sonication or vacuum infiltration to form the
compaosite material; and, compressing or compacting the composite material to prepare the

pelletized composite material.
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In one form the solid support material is selected from a material with: microporosity,
mesoporesily or macroporosity or any combinations of the like o support the separate
sorption active phase. In one form the solid porous support material is selected from
silicas, aluminas, aluminosilicates, zeolites, clays, carbons, carbon nanotubes, metal
organic rameworks, organic frameworks, crystalline organic frameworks or functionalised
derivatives thereof, In one form the solid support material incorporates functional groups.
In a forther form the solid support maierial s selected from one of the following: MCF,
SBA-135 or Davisil 60 type mesoporous silicas.

In one form the separate sorption active phase is selected to be supported by the solid
porous support material. In one form the separate sorption active phase is the active
component utilised for the gas separation applications. In one fornt altering the physical
characteristics of the at least one separate sorption active phase in step a. includes where at
least one component of the separate sorption active phase transforms from a liquid to a

solid via gas sorption.

In one Torm the alteration of the physical characteristics of the at least one component of
the separate sorption active phase may be reversed via a thermal and/or pressure swing or
inert gas purge. In one form the separate sorption active phase is for applications involving

the separation of CO; from a gas stream.

In one form the composite material is treated with a gas including CO; i step a. In a
further form the gas including CO; includes pure CO; or the gas includes at least about 20
w7 CQOs. In one form step a. includes treating the composite material with a gas at a
temperature of less than 110°, In a further form step a. includes treating the composite
material with a gas at a temperature of between about 40°CT and about 70°C. In still a
further fornm step a. includes treating the composite material with a gas for a period of
about 30 minutes to about 20 hours. In a further form step a. includes treating the

composite material with a gas for a period of about 10 hours to about 18 hours.
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In one form step ¢. includes placing the pelletized composite material under vacuum or
contacting the pelletized composite material with a purge gas. In a further form step ¢.
includes placing the pelletized composite material under vacuum for a period of about 30
minutes to about 5 hours at a temperature of about 20°C to about 120°C. It a further form

the purge gas is aninert gas selected from nitrogen or argon or a combination of both.

In one form the process as herein deseribed further mcludes a step of pre drving the
composite material which includes placing the composite material under vacuum or
contacting the composite material with a purge gas. In one form the step of pre drying the

composite material occurs during step a. when the composite material is treated with a gas.

In one form the separate sorption active phase is selected from one or more of the
following: primary, secondary or tertiary amines or amidines. In one form the primary
secandary or tertiary amines or amidines comprise additional functionality such as to
provide steric hindrance or to facilitate hydrogen bonding or otherwise facilitate gas
sorplion. In one form the separate sorption active phase includes one or more of the
following: alkylamines including dicthylamine, ethylencamine. ethylenediaming,
diisopropylamine  (DIP), dicthylenetriamine, tetracthylenepentamine ({TEPA) or
pentacthylenchexamine;  alkanolamines  including monoethanolamine (DEA},
diethanolamine (DEA), isopropanolamine, diisopropanclamine {(DIPA), triethanolamine.
N-methyldiethanolamine (MDEA), 2-amino-2-methyl-1-propanol {AMP), 2-amino-2-
methyl-1-propanediol.  2-hydroxyethylpiperzine and B,J¥-hydroxyaminoethylether; amine
polymers  including  polyethyleneimine  (PED.,  polyvallylamine (PAA). and
polypropyleneimine; acrvlonitrile modified alkanolamines or alkylamines including
acrylonitrile meadified tetracthyelenpentamine (TEPAN); amine dendrmers including
melamine dendrimer, polyaminoamine dendrimer, DAB-Am-4 and DAB-Am-8; sterically
hindered amines including 14-diazabicvclo-f5,4.0]Jundec-7-ene (DBU) and 1.5-
diazabicyclo[4.3.0] non-5-ene (DBN); polyamidine, polyguanidine, 4-aminophenylamine,
paraphenylencdiamine and  d-aminocthylaniline;  other  arylamines, alkylarylamines,
amidines, alkazid M. 1,8 p-mocathanediamine (MDA), and sarcosine; aminosilicones

including  1.3-bis(3-aminopropyl)-1,1.3 3-tetramethyldsiloxane  (GAP-0),  1,3,5-tris(3-



10

15

20

WO 2015/077835 PCT/AU2014/050376

-5

aminopropyl)-1,1,3.5,5-pentamethylirisiloxane (M'ID>’M™) and tris(3-
aminopropyldimethylsiloxy)-3-aminopropylsilane (M°3T"); amino acids, and ionic liquids
including  dimethylethylenediamine (DMEDAH) formate, (dimethylamino)propylamine
{(DMAPAH) formate and tris{2aminoethyhamine (TAEAH) formate and mixtares thereof.
In one form the separate sorption active phase includes one or more of the following: PEIL
tetracthylenepentamine.. polyallylamine, tris(2-aminoethyDamine (TAEAH) formate, or
DAB-Am-4. In one form the separale sorption active phase incorporales additional
compounds to provide hydrogen bonding such as aleohols, glycols, ethers including
glycerol or polyethyeleneglycol (PEG), to facilitate tmproved equilibrium gas sorption

and/or gas sorption kinetics.

According to another aspect there 1s provided a pelletized composite material produced by

the process as herein described.

According to another aspect there is provided a use of a pelletized composite material as

herein described as a sorbent for CO» capture.

Brief Description of the Accompanying Figures

The present invention will become belter understood from the following detailed
description of various non-limiting embodiments thereof, described in connection with the
accompanying figures, wherein:

Figure 1 depicts the activation of M80 (4 days N; purge 110 °C, then § days under
evacuation 110 °C, via Micromeritics VacPrep 0611

Figure 2 depicts the carbonation of activated composite MCF-PEI adsorbents:

Figure 3 depicts the thermogravimetric results of CO; PESA (105 °C) for M80-a,
M85-a & M90-a (0, 2, 5, 15, 30, 50, 30, 15, 5, 2 & 0 % CO: / Ar); and,

Figure 4 depicts the thermogravimetric results of CO; PPSA (1035 °C) for M8O-p,
M&S5-p & M90-p (0, 2. 5, 15, 30, 50, 30, 15, 5,2 & 0 % CO, / Arx).
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Detailed Description

The foregoing describes only some embodiments of the present invention, and
modifications and/or changes can be made thercto without departing from the scope and

spirit of the invention, the embodiments being illustrative and not restrictive.

In the confext of this spectfication, the word “comprising” means “including principally
but not necessarily solely” or “having” or “including”. and not “consisting only of”.
Variations of the word "comprising”, such as “comprise” and “comprises™ have

correspondingly varied meanings.

The reference in this specification to any prior publication (or information derived from it),
or to any maftter which is known, is not. and should not be taken as, an acknowledgement
or admission or any form of suggestion that prior publication {or information derived from
it) or kinown matter forms part of the common general knowledge in the field of endeavour

to which this specilication relates.

As herein described Polyethyleniming (PED (or also known as polyaziriding) is a polymer
with repeating unit composed of the amine group and two carbon aliphatic CH;CH) spacer.
Linear PEIs contain all secondary amines and a terminal primary amine and branched PEIs

contain primary, secondary and tertiary amino groups.

As herein described mesocellplar siliceons foam (MCF) {or also known as MSE) is a
mesoporous silica compound. MCF comprises unilormly sized large spherical cells that are

nterconnected by uniform windows to create a continuous 3-D pore system.

As herein deseribed pelletizing or pelletization is the process of compressing a material

into the shape of a pellet.

In certamn embodiments there is provided a process for the transformation of composite

material powders into robust pellets whereby the composite material powders before
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process of transformation typically extrude, partially extrude or form tacky pellets under
compression force. In certain embodiments the process neither involves incorporation of a

permanent binder or non-reversible chemical modification of the composite material.

In certain embodiments, the process involves modifying those aspects of the composite
material that otherwise render it not readily pelletizable by compression force in such a
manner that can be readily reversed after pelletization to produce robust pellets of the

composite material.

In certain embodiments this relates to the reversible transformation {chenyical or physical)
of a separate sorption active component included as part of the composite material into a
solid or more solid form to facilitate its pelletization and the subsequent reversal of this
transformation process to re-form the composite material which remains in a pelletized
form. Often when the separate sorption active phase is incorporated in the composite
material during  formation, this provides the composite material with physical
characteristics soch as tackiness. some tackiness, viscous, ot even apparently {almost) solid
type physical characteristics. Such physical characteristics provide that when the
composite material comes under the influence of a compression force during a pelletization
process, the composite material will extrode, partially extrude or produce tacky pellets that

are unsuitable when a robust pellet may be desired.

In certain embodiments the composite material may be transformed from a solid in liguid

dispersion inte a solid in solid dispersion.

In certain embodiments the reversible transformation of the composite material maay bhe
cmbedied in a process for the preparation of a pelletized form of a composite material for
gas separation applications. the composite material including a solid support material and
at least one separaie active sorplion phase, wherein the process includes a first step a.
which involves uteating the composite material with a gas to transform the composite
material into a different form to facilitate pelletization of the treated composite material. In

this step, the gas alters the physical characteristics of the separate sorption active phase to
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the extent that the composite material no longer tacky, viscous, semi solid. or solid in

liquid dispersion when subjected to a compressive force during pellitization.

In cerfain embodiments, step a, is then proceeded by step b. which involves taking the
treated composite material in which the physical chavacteristics of the at least one separate
sorption active phase have been altered and compressing or compacting the composite
material to prepare a pelletized form of the composite material. Once the composite
material is in its pelletized form the composite material may wndertake a further process
step, step ¢. where the pelletized form of the composite material is treating to provide at
least a partial reversal of the alteration of the physical characteristics of the separate

sorption active phase.

In one example embodiment, MCF-PEI composite pellets can be prepared by first
combining {loading) solid silica powder (MCF) with the viscous liquid pelymer (PED, then
treating the MCE-PEI composite with carbon dioxide (COy) to transform the viscous
polymer compenent (PEI} into a more solid [orm (via for example carbamate. bicarbonate
and/or carbonate formation), then compressing the MCF-PEI salid / solid composite into
pellet form, and then reversing the hiquid to solid tansformation by the application of heat
and/or vacuum, and/or inert gas/vapour purge. It is a further embodiment that the
transformation reversal may be first conducted upon use doring application of the MCF-

PEI which allows for the storage of the MCE-PE] comiposite in its solid / solid state.

According to certain embodiments it was surprisingly found that by providing an initial
carbonation step to MCF-PEI composile material, the compesite material undertook a
physical change that facilitated the formation of pellets when the composite material is
subjected to compression forees. Without wishing fo be bound by theory, it was thought
that providing an initial carbonation step converted the viscous liquid PEI into a solid
which then facilitates the pelletization of the subsequent MCF-PEI composite material. In
other words, the liguid amine phase was converted into a solid carbamate phase via CO»

chemisorption,
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According to certain embodiments it was also surprisingly found that combining the solid
support material with at least one separate sorption phase via sonication or vacuum
infiltration to {orm the composite material facilitated the pellatization of the composite
material, Withont wishing to be bound by theory i is thought that the benefits of
sonication mixing or vacuum infiltration concern facilitating infiltration and loading of the

separate sorption phases to within the internal porosity of the support materials.

According to certain embodiments the process as hercin described may further include an
optional pre-drying step (eg vacuum ot inert purge) to remove sorbed volatdles from the
composite materials such as may otherwise likely complicate their pelletization. According
to one example embodiment, the optional pre-drying step may even be accomplished by

the gas treatment of the composite material in step a. as herein deseribed.

In certain embodiments, the solid support material as herein described may be selected
from a material with: microporosity. mesoporosity or macroporosity or any combinations
of the like to support the separate sorption active phase. The solid porouns support material
may be selected from silicas, aluminas, aluminosilicates, zeolites, clays, carbons, carbon
nanotubes, metal organic frameworks, organic frameworks, crystalline organic frameworks
or functionalised derivatives thereot and the solid support wmaterial may incorporate

functional groups.

In certain example embodiments, the solid support material is selected from one of the

following: MCFE, SBA-15 or Davisil 60 type mesoporous silicas.

In certain embodiments, the separate sorption active phase may be selected from one or
more of the following: primary, secondary or tertiary amines or amidines. The primary
secondary or terliary amines or amidines may comprise additional functionality such as to
provide steric hindrance or to facilitate hydrogen bonding or otherwise facilitate gas

sorption,

In certain embodiments, the separate sorption active phase may include ene or more of the

following:  alkylamines including diethylamime, ethyleneamine, ethylenediaemine,
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diisopropylamine  {DIP), dicthylenetriamine, ictraethylenepentaming  (TEPA)  or
pentaethylenghexamine;  alkanolamines  including  moenoethanolamine  (DEA),
diethanolamine (DEA). isopropanolamine, diisopropanolamine (DIPA), triethanolaming,
N-methyldicthanolamine (MDEA), 2Z-amino-2-methyl-l-propanol {(AMP), 2-amino-2-
methyl-1-propanediol, 2-hydroxyethylpiperzine and B.p’-hydroxyaminoethylether; amine
polymers  including  polyethyleneimine  (PED, polvallylamine {PAA), and
polypropyleneimine; acrylonitrile modified alkanolamines or alkylamines including
acrylonitrile modified tetracthyelenpentamine (TEPAN); amine dendrimers incloding
melamine dendrimer, polyaminoamine dendrimer, DAB-Am-4 and DAB-Am-8; sterically
hindered amines including 1.4-diazabicyclo-{5,4.8 undec-7-ene (DBU)Y and 1.5-
diazabicyclo[4.3.0] non-5-cne (DBN); polyamidine, polyguanidine, 4-aminephenylamine,
paraphenylenediamine and 4-aminoethylaniline; other arylamines, alkylarylamines,
amidines. alkazid M, 1,8 p-menthancdiamine (MDA), and sarcosine; aminosilicones
mcluding  1,3-bis(3-aminopropyD-1,1.3, 3-tetramethyldsiloxane  {(GAP-0),  13.5-tris(3-
aminopropyl}-1,1,3.5,5-pentamethyltristioxane (M'D’M™) and tris{3-
aminopropyldimethylsiloxy)-3-aminopropylsilane (M’37T"): amine acids, and ionic liquids
including  dimethylethylenediamine (DMEDAH) formate, (dimethylamino)propylamine
(DMAPAH) formate and tris(2aminoethyDamine (TAEAH) formate and mixtures thercof.
The separate sorption active phase may also incorporate additional compounds to provide
bydrogen bonding such as  alechols, glycols, ethers including  glycernl  or
polyethyeleneglycol (PEG), to facilitate improved equilibrium gas sorption and/or gas

sorption kinetics.

The process and composite material as herein described will become better understood

from the following examples of preferred but non-limiting emnbodimgents thereof.
Examples
The MCF wag prepared via a neutral template technique using polvethyleneoxide-

polypropyleneoxide-polyethylencoxide block copolymer as template, trirosthylbenzene as

swelling agent and template removal via calcination; hydrothermal treatment was
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conducted within glass reagent bottle contained within a pressure cooker as for 24 h at 105
y . D~

°C. The caleined product was found to have a BET surface area of ~605 m’g! and pore

volume of 2.84 -t,vnl.gI (volume retained at p/p0 = 0.90) as caleulated from N» adsorption

and desorption (77 K) isotherms (Micromeritics Tristar 30203,

The MCF was loaded with ~80, 85 & 90 % pore volume equivalents to prepare composile
materials comprising 71.2, 72.4 and 73.9 wt % of branched av. 1200 MW PEI (30 wt % in
H:0) via wet impregnation from ethanol solution, the bulk solvents were removed via
rofary evaporation under vacunm at 60 “C (2 h) to prepare the MCF-PEI composiie crude

products M80, M85, & MY0 respectively.

Crude product samples were subsequently activated under N» purge (4 days at 110 °C) and
then 5 days under vacuum (5§ days at 110 () to assess the thermal stability of the

materials.

Ciude produoct samples were also subsequently activated under N purge (24 h at 110 °C)

and then in-vacuum (24 h at 110 °C) te prepare the products M8(3-a, M85-a & M90-a.

Samples of each crude product were also activated under vacuum (24 h at 110 °C) and then
carbonated within a CO» purge at 20 °C (1 h), 60 °C (1 h), 60 °C (16 h) and 105 °C (1 hy

via a Micromeritics VacPrepO61 degassing station.

The crude, the activated and the pre-carbonated powder produocts alike (~0.2 g) were then
compressed as prepared between 13 mm dia Specac pellet die via a Specac 15 ton press
(~1{) min at 8 ton) o prepave pelletized “-p” products. The carbonated pellet products
were then re-activated via vacuum (24 h at 118 °C) to prepare their de-carbonated

analogues.

General physico-chemical characterization of the materials preparation was supported by
gravimetric analysis (Mettler-Toledo analytical balance) and helium  pycnometry

(Micromeritics Accupye 13400, The potential of the materials as adsorbents for €Oz
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capture from post combustion flue gas was investigated via isothermal CO; partial pressure
swing adsorption analysis {Setaram TAG24 simultaneous symmetrical thermoanalyser) al

105 °C (under various conditions).

5 Figure 1 shows the decrease in mass observed for MO0 as the crude product was first
activated under Np purge (4 days) and then under vacuum (3 days) at 110 °C., This figure
shows that the crude product lost a substantial fraction of its mass over the first 24 hour
period under N> purge. Minor further mass loss was observed to occur over the subsequent
24 hour period, consistent with the removal of well retained volatiles, but the product

10 appeared to be dried to essentially a constant mass after 1 day.

Table 1
Crude “Aci’d Carbonated {post Activation)
Carbonation - 105°C 1h
Color white . vellow
Tackiness very - dry
sticky
Extrusion all None

“ Activated.

Some further minor mass loss was subsequently observed to occur upon the application of
vacuum, highlighting the potential of this activation technique to more effectively remove

both residual solvent and any particularly volatile PEI {raction from this material. 1t s
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noted that the sample was not discoloured (as would be indicative of decomposition) in
any way at this ime, The preferred vacnum activation method (24 h at 110 “C) for the
removal of residual solvent and any readily volatile PEL fraction from the composite

materials was adopted based on these resudis,

Table 1 summarises the observations made for compression of the crude MCFE-PEI powder
products as prepated, after vacunm activation (24 h at 110 °C) and following subsequent
carbonation respectively. These resulis show that compression of the crade powder
products entirely extruded arovnd the pellet die under the applied compression force,
consistent with a fine solids 1o liquid dispersion. The vacuum activated products similarly
exhibited substantial extrusion however some of the material was retained between the
pellet die as a very sticky compacted layer (pellet). The pre-carbonated powders exhibited
less extrusion and tackiness relative to the increasing aggressiveness of the applied

carbonation cenditions (extent of carbonation).

Ih carbonation at 20 °C led to preparation of very sticky pellets and much less product
extrusion than with pre-activation alone. Carbonation for 1h at 60 °C was sufficient (o
prevent product extrusion however still prepared sticky pellets which were not readily
removable from the pellet die without loss of integrity. Carbonation for 1h at 105 °C led to
the preparation of rabust dry pellets however each appeared slighily yvellow consistent with
minor decomposition which may have been due to urea formation. Prolonged 16h
carbonation at 60 °C was feund most useful (o prepare robust dry pellets without

decomposition.

Figure 2 shows the extent of carbonation achieved for each of the activated powders under
the various conditions applied. These results not only show that the extent of carbonation
was enhanced by the more aggressive carbonation conditions employed. but also that the
mass of the materials was foand to increase by up to 18.5 wt % (4.2 mmol .g"I) under the
most aggressive conditions consistent with the uptake of 0.25 molecules of CO; per aming

N atom present ian the product. Furthermore cach different powder product was found to
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essentially adsorb the same amount of CO» under the same carbonation conditions

consistent with their similar theoretical PET loadings.

Table 2 shows the nominal PEI loading of the crude MCF-PEl@ composile powders as
determined by the mass amount of PEL imitially mixed with the MCF together with the
helium densities measured for the MCF, the activated MCF-PEl powders and the re-
activated MCF-PEI pellets. These resulis show that the helium densities of all of the
compaosites are substantially less than that of the MCF substrate consistent with the greater
nominal PED content of these materials. It is also noted that the MCF-PEI composite
powders exhibited greater densities thaun the analogous pellets, thought due to the greater
potential for opportunistic fixation of atmospheric CO; to the more accessible sorption
sites within the powder products during sample transfer than to those of the analogous

pellet products.

Table 2 PEI loading and Helium density data.

Product | *mPEI dHe Cest, PEI

(wit%) (ml.g” | (wi%)

MCF - 211 -

MSO-a | 712 1.30 63.6
M85-a | 724 128 67.3
M90-a | 739 1.28 66.4
M8O-p | 712 1.24 72.5
‘M8S-p | 724 123 73.0
‘MOO-p | 73.9 121 76.3

“ Initial mass amount of PEI in the product as initially calenlated from the mass amounts of
PELand MCF combined .
®PEI foading estimated rom the helium density measurements,

¢ Powders carbonated 16 h at 60 °C prior to pelletization & re-activation.

Tahle 2 also lists the PEI loadings estimated for each composite from the helinm density

measurements assuming helinm density of PEI to be the same as its liquid density (1.07
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gml™). These results show that the PEI loading estimates for the pellets are in very good
agreement with the nominal PEI loadings (gravimetric analysis) consistent with the MCF
and PEI being well mixed during synthesis prior to any component loss. The loadings
estunated for the powder products essentially vary as expected, however are smaller than
expected thought due to the fixation of opportunistic CO> as previously noted. These
results highlight the potential of simple pycuometry to readily estimate the PEIL loading of

such composite materials.

Figare 3 shows the thermogravimetric reconds obtained for CO; partial pressure swing
adsorption processing of the activated powder products M80-a, M85-a and M90-a via the
thermogravimetric analyzer following in-situ | h re-activation under Ar purge at 110 “C.
These records show that the mass of each activated powder product increased and
decreased with the CO; partial pressure consistent with CO. sorption as expected. 1t is
noted that the powder products exhibited up to 11 wt % (2.5 mmol.g™) CO; capacity (0.15
mol CO» per mol Ny at CO, partial pressure of 0.15 (ie. simulated flue gas) as is a
conservative estimate of their potential for CO; capture from post combustion flue gas via
TSA processing. It is also noted that these activated powder products exhibited up to 5 wt
% (1.1 mmolg) working capacity (0.07 mol CO; per mal N) between €Oy partial
pressures (.15 and (.05 as is a conservative indication of their potential CO» working

capacity for CO» capture from post combustion Hue gas via PSA processing.

Figure 4 shows the thermogravimetric records oblained for €O, partial pressure swing
adsorption processing of the analogous set of re-activated (de-carbonated) pellet producis
MS80-p. MS5-p and M9Q0-p, prepared via pelletization of their respective powder analogues
following pre-carbonation for 16 h at 60 °C.  These results show that CO» sorption for the
pelletized products varies with the COy partial pressure similarly to their respective powder
products, but with enly up to ~9 wt % (~2.0 mmol. g1y working capacity (0,12 mol CO» per
mol Ny for TSA type processing and only up 1o ~4 wt % (~0.9 mmol .g'l) working capacity
(0.05 mol CO» per N for PSA type processing. ‘The reduction in these working capacitics
is in each case attributed to compaction of the sorbent further limiting diffusion of gas

(CO2) to / from the sorption sites.
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PEI was loaded into MCF via wet impregnation to prepare MCFEF-PEI composite powders
with 71.2, 72.4 and 73.9 wt % PEI respectively. Compression of the activated powders
{vacuum 110 °C) led to extrasion thought due to the product elfectively being a solid in
liguid dispersion.  Carhonation {conversion of amines to carbamates) of the products
overcanie this problem leading to preparation of robust pelletized sorbent. He pycnometry
was found useful to characterize the PEIL loadings. The re-activated pellets were found to
reversibly adsorb CO; from a simulated flue {15 % CO» / Ar) with CO» working capacities
of up to 4 wt % (mol. g‘]) for PSA type processing and up to 9 wt % (mol.g™) for TSA type
processing. The pellets were albeit found to exhibil smaller working capacities thao the
analogous composite powders; nevertheless they were found to be very promising for CO»
capture from post combustion flue gas via either TSA or PSA processing. Pre-carbonation
of the MCE-PE! type adsorbent was found useful {o readily prepare pelletized sorbent with

polential to selectively capture CO; from post combustion flue gas via PSA or TSA.

Table 3 summarises the results for the compression (under ambient conditions) of a further
range of solid amine type composite sorbents, as were prepared by loading PEI with MCF
over a more extensive range of PEI loadings, by preparing such materials at larger scale,
by combining PEl with the alternate support materials SBA-15 and Davisil 60 type
mesoporous silicas, and by combining other amines including tetracthylenepentamine,
polyallylamine, tris(2-aminoethyl)amine (TAEAH) formate and DAB-Am-4  with
mesoporous  silica  support  materials, via  wet infiltration  from/within  ethanol
solvent/dispersant within a continuously stirted reactor (stirred 24 h at room temperature)
followed by solvent removal via rotary evaporation at 60 °C and subsequent drying within

N: purge at 60 °C.

The amine was combined with the porous support on the basis of the specified estimated
mesoporg volume equivalent of the support material, typically prepared from 1 g of silica,
two scaled up formulations Mc-100P12 and Mc-PEL-80b, were prepared on the basis of
~80 g of MCE. Table 3 also shows the results from compression of the composite sorbent

powder similarly prepared by combining PEI with MCF by wet infiltration via a
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continuous stir reactor following nitial pre-sonication of the combined solution/dispersion,
as was intended to promote better infiltration of the polymer to within the internal porosity
of the support material. Each of the products prepared as such was then compressed to
form pellets following both degassing, via prolonged {(minimum 24 h) vacoum activation at
136G °C (Me-TP-100 at 25 “C only), and then separalely following subsequent treatment
with CO; gas purge at 60 °C for approximately 16 h. (Mc10G0P12 at 105 *Cfor 1 h). Two
of the MCF-PE] type products were in addition compressed following “carbonation” in air
(16 h at 60 °C) aflter initial activation. Table 3, in addition, also lists the nominal amine
coutent, the helium densily and amine loading as calculated from the helium density of the
pellets prepared via the carbonation roule npon subsequent decarbonation.  These results
show the compesite sorbent pellets to essentially comprise the aming content as per the

initial prodoction of the precursor composite powders.

For the MCE-PEI composites series, as prepared by wet infiltration via a continuous stirred
reactor at ~1 g MCF scale, it is noted that compression following activation alone leads to
the production of sticky pellets in each case, with typically large amounts of product
extrusion accompanying pellet prodoction for powders with higher PEIl contents, and
smaller amounts of product extrusion accompanying pellet praduction for powders with
lesser amounts of PEL In contrast, all the same powder products readily compressed to dry
robust white pellets when compressed following their carbonation alter inifial vacuum
activation. Thus these results clearly substantiate the benefit of the carbonation to
facilitate the production of dry robust pellets of MCE-PEIl composites for composites
prepared with the larger range of PEI loadings, extending from 60 to 100 % MCF

mesopore volume equivalents.

Similar results were observed for the products prepared af the larger scale {(~80 g MCF
basis). For Mcl0O0P12, the MCFE-PEI product prepare with 100% MCF mesopore volurie
of PEL a sticky pellet and a large amount of product extrusion is cobserved for its
compression with activation alone, whergas a dry robust pellet is prepared without product
extrusion for its compression following {ts subseguent carbonation. The same result was

observed for Mc-PEL-80b excepting that a smaller wmount of product extrusion was
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observed for compression following activation alone, consistent with its smaller PEI
content.  These results thos demonstrate the scale-ability of this pellet prodoction
technology. 10 g of this same carbonated sorbent powder was also readily compressed to
form via a TDP-6T aniomated single punch tablet press (with 4 mm o.d. standard

quadrasect pellet die), thereby further highlighting the scale-ability of the technology.

For PEI products prepared combined via the conventional continuous stirved reactor with
SBA-15 and Davisil 60 type mesoporous silicas, compression fellowing activation alone
did not appear to exhibit the same complications as per the analogous MCF products. For
the SBA-15 case a dry robust pellet was prepared, whereas for the Davisil 60 case, only a
brittle sandy pellet. which broke upon removal from the die, could be prepared. However,
a dry robust white pellet of each produnct was readily prepared when the powder products
were carbonated following initial activation prior to compression.  These resalts
demonstrate that the compression of such composites following activation alone may not
become complicated to the same extent, nor in the same manner, for different support
types. however, the results demonstrate that the carbonation pre-compression technology is

usctul to prepare dry robust pellets of the composites in cach case.

The products prepared combined via the conventional continuous stirred reactor alone with
TEPA, PAA, TAEAH and DAB, compression following activation alone, also did not
appear to lead to the same complications as for the PEL products, nor the same
complications in gach case. For Me-TP-100, a soft wet/greasy pellet was formed, whereas
for Mc-PAA-100 a more robust greasy pellet was formed together with some flaky product
extrusion. For Se-TAEAH-100 and 60-DAB-G1 a dry robust pellet was prepared in each
case. Nevertheless, when the products were compressed following carbonation post the
initial activation, dry robust pellets were prepared in cach case. These results show that
although carbonation may not be essential to the production of dry robust pellets for each
composite sorbent type, it highlights that the benefit of the compression post carbonation
technology to overcome such problems where they do exist, and to facilitate the production

of dry robust pellets in each case.
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For the PEI composites prepared with MCF and SBA-15 type mesoporous silicas for
which sonication mixing was employed prior to mixing via the conventional stir reactor.,
the results are very similar to those for the analogous products preparved by mixing via the
continuous stir reactor alone. Compression of the MCF supported PEI products following
activation alone in each case preparing wet/greasy yel sturdy pellets, the product prepared
via sonication at 60 *C {(Mc-PEJ-100-560) in addition leading to a substantive wet/greasy
extrusion, That these results are essentially the same as for that observed when the PEI
was combined with the MCF by mixing via the continunouns stir reactor alone. does not
suggest any particular advantage for the use of sonication. However, for the other cases an
apparent beneficial effect was apparent. Cowmpression of the MCF supported PAA
composite prepared via the sonication route following activation alone apparently readily
prepared a dry robust white pellet.  Likewise, so too did compression of the SBA-15
composites loaded with TP (Sc-TP-100-5) and PEI (Sc-PEI- 100-5) respectively, lollowing
activation alone. Nevertheless, compression following carbonation pest activation, where
conducted, readily prepared a dry robust pellet in each case, thus highlighting again the
benefit of the carbonation pre-compression technology. The results thus suggest the
benelit of sonication mixing, which is aftributed to this process better facilitating

infiltration and loading of the sorbent phases to within the internal porosity of the supports.

Table 3 also shows the results obtained for the compression of the MCF-PEI products Me-
PEI-100 and Mc-PEL-80b after activation along and after carbonation in air (16 h at 68 °C)
following initial activation. The prolonged exposure of these sarbents to a concenirated
CO, purge stream was previously found to facilitate the production of dry robust pellets,
whereas their compression following activation alone was found to lead to the production
of sticky pellets accompanied by product extrusion. These additional results show that the
compression of these products following “carbonation™ via the prolonged exposure to air at
60 °C led to the production of sticky pellets albeit without obvicus product extrusion, in
each case. These results are attributed to the particularly fow concentration of CO; in air to
facilitate sufficient carbonation. It is noted that although lower process temperatures might

improve the extent of carbonation, these would also increase the likely uptake of water,
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which it is thought would likely lead to complications for pellet production, and so would

require the use of dry aiv streams.

Table 3:

Rample 4. Camprassion 25 degassed. Compression as carbonated. Amount of Amine added (Wt %)

Me-PEI-100 Sticky pellet, some smeary Dry rohust white peilst, 68.8
extrusion

Me-PEI-30 Sticky weak white pellet, large Dy robust white petlet. 738
extrusian.

Mc-PEI-85 Sticky weak white pellet, smatl Bry rabust white pailet, 4
extrusion.

Me-PEI-EO Sticky wealowhite pellet, large Dy rabust white petlet. 71.2
extrusion.

Me-PELFS Sticky rabust white peliet, smadt Dry rebust white peliet. 63.5
extruskon.

Me-PE- 20 Sticky robust white peliet, small Dry robust white pellet 68.0
axtrusion,

Me-PEI-G0D Sticky robust white pellat, smalt Dry sobust white pellet. 845
extrusian.

Me100p12 Sticky pellet, vary large axtrusion. Dy robwst light yeltow-brown 75.2

peliet.

Mc-PEL-80b Sticky robust white pellet, smail Dy robust white pellet. 70.9
extrusion.

Se-PE-100 Ribust pellet: Dry robust yellow pellet, 48.9

DE0-PEL-100 Brittle sandy pellat, broke upon Gry robust white pellet, a5.4
FECOVETY.

Me-TR-100 Sturdy but soft and wet to touch Dry robust yellow/beige peilet. 67.2
white peilet.

Mic-PAA- 100 Greasy robust white peliet, some [ry robwst white pellst, T35
flaky extrusion,

5¢-TAEAH-100 | Sturdy beigafyallow pellet. Dy robust beige gellat: 58.1

DR(-DAB-G1 Dry robust vellow pellet; Dry rohbust yeilow pellet, 65.3

McPEITO0-3RT | Robust sticky pallet, Dy robust pellet. 68.8

McPEIL0O-s60 | Sticky wetfgreasy pellet, Dry robust peilet. &88.9
web/greasy extrusion.

S¢-PEL-100-5 Dry rabust white peflet. Dry robust beige pellet. 51.9

Mc-PAA:100-5 | *Dry robust white pellet. Mot prepared 756.8

e TP-1{ks *Tiry robust off-white pellet, Nat prepared, 47.3

Me-PEI-100 Sticky pellet, some smeary Sticky pellet {Carbonated in Afr £68.8
exdrusion, nat €05,

Mc-PEI-80h Sticky pallet, small sticky extrusion., | Sticky pelist, no extrusion e

(carbonate in Air not CO;).

Sample Type Nomenclatare
Sc ~ SBA-15 type mesoporous silica (lemplate removed via calcination)
Sx — SBA-15 type mesoporous silica (template removal via ethanol extraction)
Me — MCF type mesoporous silica (template retmoved via calcination)
10 Mx - MCF type mesoporous silica (template removal vig ethanol extraction)

D — Davisil iype mesoporous silica (40, 60 or 120 anstrom av pore dia).
PEI ~ polyethyleneiming (provided 50 wt % in H2O (Sigma-Aldrich).
PAA — polyallylamine (liguid (www.chemicalbook.com), typically supplied as HyO
15 solution (20 wit % Sigma-Aldrich) or sall powder)
TP -~ tetracthylenepentamine (Sigma-Aldrich T11509 - viscous liguid, Mw=189.3 g/mol)
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DAB-Am-4: Polypropyleniming tetraming dendrimer, generation 1 (viscous liquid, Mw
316.53 g/mol)
TAEAH - tris(Z-amincethylamine (TAEAH) formate (viscous brown/yellow liquid).

Many modifications will be apparent to those skilled in the art without departing from the

scope of the present invention.
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The Claims:

A process for the prepacation of a pelletized form of a composite material for gas

separation applications, the composite material including a solid support material

and at Jeast one separate sorption active phase, wherein the process includes the

following steps:
a. treating the composite material with a gas to alter the physical
characteristics of the at least one separate sorption active phase and
tansform the composite material into a different form to facilitate
pelletization of the freated composite malerial; and,
b. compressing or compacting the treated composite material to

prepare the pelletized form of the composite material.

A process according to clatm 1 mcluding a further step c. treating the pelletized
form of the composite material to provide at least a partial reversal of the alteration
of the physical characteristics of the at least one separate sorption active phase in

step a.

A process for the preparation of a pelletized form of a composite material for gas
separation applications, the composite material including a solid support material
and at least one separate sorption active phase, the process including the following
steps: combining the solid support material with the at least one separate sorption
active phase via sonication or vacuum wfiliration to form the composite material;
and, compressing or compacting the composite material to prepare the pelletized

composite material.

A process according to any one of the preceding claims wherein the solid support
material iz selected from a material with: microporosity, mesoporosity or
macroporosity or any combinations of the like to support the separate sorption

active phase.



10

15

20

30

WO 2015/077835 PCT/AU2014/050376

=

14,

11.

~23 .

A process according to any one of the preceding claimis wherein the solid porous
support malerial 13 selected from silicas, aluminas, aluminasilicates, zeolites, clays.
carbons, carbon nanotubes, metal organic frameworks, organic frameworks,

crystalline organic frameworks or functionalised derivatives thereof,

A process according to any ong of the preceding claims wherein the solid support

material incorporates functional groups.

A process according to any one of the preceding claims wherein the solid support

material is selecled from one of the following: MCF, SBA-15 or Davisil 60 type

mesoporous silicas,

A process according to any one of the preceding claims wherein the separate
sorption active phase is selected to be supported by the solid porous support

miaterial,

A process according to any one of the preceding claims wherein the separate
sorption active phase is the active component ntilised for the gas separation

applications.

A process according fo any one of claims 1, 2 and 4 to 9 wherein altering the
physical characteristics of the at least ong separate sorption active phase in step a.
mnclodes where at least one compenent of the separate sorption active phase

transforms [rom a liguid Lo a solid via gas sorption.

A process according to according to any one of claims 1, 2 and 4 o 10 wherein the
alteration of the physical characteristics of the at least one component of the
separate sorption active phase may be reversed via a thermal and/or pressure swing

ot inert gas purge.
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A process according to any one of the preceding claims wherein the separate
sorption active phase is for applications invelving the separation of CO; from a gas

stream.

. A process according to any one of claims 1, Z and 4 to 12 wherein the composite

material is treated with a gas including CO4 in step a.

A process according to claim 13 wherein the gas including COs includes pure €O

&

or the gas includes at least about 20 wt% COh.

A process according to any one of claims 1, 2 and 4 to 14 wherein step a. includes

treating the composite material with a gas at a temperature of less than 110°.

A process according to any one of claims 1, 2 and 4 to 15 wherein step a. includes
treating the composite material with a gas at a temperature of between about 40°C
and about 70°C.

A process according to any one of claims 1, 2 and 4 to 16 wherein step a. includes
treating the composite material with a gas for a pertod of about 30 minutes to about

20 hours.

. A process according to any one of claims 1, 2 and 4 to 17 wherein step a. includes

treating the composite matertal with a gas for a period of about 10 hours to about

18 hours.

A process according to any one of claims 2 and 4 to I8 wherein step ¢. includes
placing the pelletized composite material nnder vacuum or contacting the pelletized

composite material with a purge gas.



1¢

15

30

WO 2015/077835 PCT/AU2014/050376

20.

24.

b2
n

26.
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A process according to claim 19 wherein step ¢. includes placing the pelletized
composite material under vacaum for a peried of about 30 minutes to about 5 hours

at a temperature of about 20°C to about 120°C.

. A process according to claim 19 wherein the purge gas is an inert gas selected from

nitrogen or argon or a combination of both.

2. A process according to any one of the preceding claims further including a step of

pre drying the composite material which includes placing the composile material

under vacuum or contacting the compostte material with a purge gas.

. A process according to claim 22 wherein the step of pre drying the compeosite

material occurs during step a. when the composite material is treated with a gas.

A process according to any one of the preceding claims wherein the separate
sorption active phase is selected from one or more of the following: primary.

secondary or tertiary amings or amidines,

. A process according to claim 24 wherein the primary secondary or tertiary amines

or amidines comprise additional functionality such as to provide sterie hindrance or

to facilitate hydrogen bonding or otherwise facilitate gas sorption.

A process according to any one of the preceding claims wherein the separate
sorption active phase includes one or more of the following: alkylamines including
diethylamine, ethyleneamine, ethylenediamine,  diisopropylaming  (DIP).
diethylenetriamine, totracthylenepentamine (TEPA) or pentacthylenchexamine:
alkanolamines including monoethanclamine (DEA), diethanolamine (DEA),
isopropanolamine,  diisopropanolamine (DIPA), triethanolamine. N-
methyldiethanolamine (MDEA), 2-amino-2-methyl- L-propanol (AMP), 2-amino-2-
methyl-T-propanediol, 2-hydroxyethylpiperzine and B3 -hydroxyaminoethylether;

amine polymers including polyethyleneimine (PEI), polyvallylamine (PAA), and
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polypropyleneimine; acrylonitrile modified alkanclamines or alkylamines including
acrylonitrile  modified tetraethyelenpentamine (TEPAN); amine dendrimers
including melamine dendnmer, polyaminoamine dendrimer, DAB-Am-4 and DAB-
Am-8: sterically hindered amines including 1.4-diazabicyclo-[5.4,0lundec-7-cne
(DBU) and 1,5-diaxabicyclol4.3.0] non-5-ene (DBN); polyamidine, pelyguanidine,
4-aminophenylamine, paraphenylenediamine and  4-aminocthylaniline; other
arylamines, alkylarylamiges, amidines, alkazid M, L8 p-menthanediaming (MDA),
and  sarcosine; aminosilicones including  1.3-bis(3-aminopropyli-1,1.33-
tetramaethyldsiloxane (GAP-0), 1,3.5-tris(3-aminopropyl)-1,1,3,5,5-
pentamethylivisiloxane  (MD’M’} and  tis{3-aminopropyldimethylsiloxy)-3-
aminopropylsilane  (M'3T");  amino acids, and ionic liguids including
dimethylethylenediamine (DMEDAH) formate, (dimethylamino)propylamine
{DMAPAH) formate and tris(2aminocthyDamine {TAEAH) formate and mixtures

thereof.

A process according to any one of the preceding claims wherein the separate
sorption  active phase includes ong or mare of the following: PEIL
tetracthylenepentaming,  polyallylamine,  tris(2-aminoethyDamine (TAEAH)
formate, or DAB-Ami-4.

. A process according to any one of the preceding claims wherein the separate

sorption active phase incorporates additional compounds to provide hydrogen
bonding such as aleohols, glycols, ethers including glycerol or polyethyeleneglycol

(PEG), 1o facilitate improved equilibrium gas sorption and/or gas sorption kinetics.

A pelletized composite material produced by the process according to any one of

claims 1 to 28.

. Use of 4 pelletized composite matertal according to claim 29 as a sorbent for CO»

capture.
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Box No. I  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following
reasons:

1. I:I Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

the subject matter listed in Rule 39 on which, under Article 17(2)(a)(i), an international search is not required to be
carried out, including

2. I:I Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. I:I Claims Nos:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a)

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See Supplemental Box for Details

1. I:I As all required additional search fees were timely paid by the applicant, this international search report covers all
searchable claims.

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite
payment of additional fees.

o

3. I:l As only some of the required additional search fees were timely paid by the applicant, this international search report
covers only those claims for which fees were paid, specifically claims Nos.:

4. I:I No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable,

the payment of a protest fee.

I:‘ The additional search fees were accompanied by the applicant's protest but the applicable
protest fee was not paid within the time limit specified in the invitation.

No protest accompanied the payment of additional search fees.
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Supplemental Box

Continuation of: Box II1
This International Application does not comply with the requirements of unity of invention because it does not relate to one
invention or to a group of inventions so linked as to form a single general inventive concept.

This Authority has found that there are different inventions based on the following features that separate the claims into distinet
groups:

e (Claims 1-2, 4-30(in part) are directed to a process for preparing pelletized form of a composite material for gas
separation. The feature of treating a composite material with a gas to alter the physical characteristics of a separate sorption

active phase of said composite material and transforming same into a different form to facilitate pelletization of the treated
composite material by compressing or compacting is specific to this group of claims.

e Claims 3, 4-30(in part) are directed to a process for preparing pelletized form of a composite material for gas separation.
The feature of combining a solid support material with a separate sorption active phase via sonication or vacuum
infiltration to form a composite material. before compressing/compacting same into pelletized form is specific to this group
of claims.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship among the
claimed inventions involving one or more of the same or corresponding special technical features. PCT Rule 13.2, second sentence,
defines a special technical feature as a feature which makes a contribution over the prior art.

When there is no special technical feature common to all the claimed inventions there is no unity of invention.

In the above groups of claims, the identified features may have the potential to make a contribution over the prior art but are not
common to all the claimed inventions and therefore cannot provide the required technical relationship. The only features common to
all of the claimed inventions include a composite material having a separate sorption active phase, and pelletized composite material
from compressing/compacting. However it is considered that these features are generic in this particular art.

Therefore these common features cannot be a special technical feature. Hence there is no special technical feature common to all the
claimed inventions and the requirements for unity of invention are consequently not satisfied a priori.

The International Searching Authority believes that a search and examination for the second invention will not involve more than

negligible additional search and examination effort over that for the first invention and so no additional search fee is required in
order to search and examine that invention.
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Information on patent family members
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PCT/AU2014/050376

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report

Patent Family Member/s

Publication Number Publication Date Publication Number Publication Date
WO 2013/003948 Al 10 January 2013 CA 2745987 Al 04 Jan 2013
WO 2012/158911 A2 22 November 2012 CN 103119376 A 22 May 2013

CN 103648612 A 19 Mar 2014
JP 2013526697 A 24 Jun 2013

JP 2014522298 A 04 Sep 2014
KR 20130124158 A 13 Nov 2013
US 2011265648 Al 03 Nov 2011
US 8157892 B2 17 Apr 2012
US 2012273980 Al 01 Nov 2012
US 8491710 B2 23 Jul 2013

US 2011277490 A1l 17 Nov 2011
US 2013291732 Al 07 Nov 2013
US 2014298996 A1 09 Oct 2014
WO 2011146478 Al 24 Nov 2011

US 4061593 A 06 December 1977

JP 63-104647 A 10 May 1988 None
JP 63-030310 A 09 February 1988 None
End of Annex

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.
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