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A POROUS POLYMER MATERIAL

Technical Field
The‘present invention generally relates to a polymer
material that can be wused as an adsorbent for the
adeorption of gas such as carbon dioxide. The present
invention alsoc relates to a method of making the porous

polymer material.

Background
Fossil fuels represent the main source of energy for
the past century and this situation is likely to continue
in the coming decades. The demand for fossil fuels today

extceeds 5000 gigatons of carbon per year and creates -

3

ajor concerns for nature’s carbon balance and which
instigate or impact on global climate change. While it is
important to develop “carbon-neutral” energy to cope with
total energy consumption, advancement 1in technologies
related to carbon capture and sequestration (CCS) are
équally important in addressing the issue of g¢global
climate change.

The process of “amine scrubbing” is one of the most
cost effective methods currently available to remove
carbon dioxide from flue gasses such as those emitted by
coal fired power stations. In amine scrubbing, an
aqueous solution of alkanolamine, such as a 30 wt %
monoethanolamine (MEA), is dsed to absorb carbon dicxide
via chemisorptive formation of a carbamate, carbonate or
bicafbonate species in the presence of water.
Regeneration of the amine usually reguires the
application of elevated temperatures (100 °C to 150 °C)
to cleave the covalent bonds between the amine group and
the carbon dioxide to thersby release the gassous carbon

dioxide and regenerate the amine. The bonding energies of
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these covalent bonds are'typicaily about 100 kJ/mol and
hence the regeneration of the amine expends sigﬁificant
energy {also termed as the “energy penalty”) in the
process of absorbing carbon dioxide gas. Accordingly,
the disadvantages of using liguid amine scrubbing include
the corrosive and volatile nature of amine and the
aforementioned high energy penalty. Furthermore, a
liguid amine scrubber reguires periodic top~up of the
amine scolvent due to loss of the liguid amine during the
gas—scrubbihg and regeneration process, e.g., avaporative
losses, leakage, etc. This in turn transliates to
increased operating costs attributed to the need to
periodically replenish the ligquid amine. _
Accordingly, solid sorbents have been proposed as
alternatives to conventional ligquid amine scrubbers. In
this regard, certain solid sorbents have been found to be
effective for carbon dioxide separation and capture. In
particular, a number of ©porous systems have been

investigated for carbon dioxide capture and numerous

functionalized amines or nitrogen-rich solid materials

have been reported to demonstrate enhanced carbén dioxide
uptake property. Known solid sorbents include activated
carbon, zeolites, amine-modified silicas, hybrid'
crystalline solids ( such as Metal Organic Frameworks
(MOF), Zeolitic Imidazole Frameworks (ZIP)) and porous
polymers (such as Covalent Organic Frameworks (COF),
Conjugated Microporous Polymers (CMP) and Hyper Cross-
linked Polymers (HCP)). Furthermore, solid sorbents
com?rising melamine functionality obtained by
immobilization of melamine on the surface of porous
silica or incorporation of melamine into a COF structure
have also been proposed in the art. However, these
mesoporous solid sorbents typically reduire complex

synthesis procedures and involve hnigh production costs,
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thereby limiting their applications in large scale
industrial use.

Poly-melamine formaldehyde (PMF) 1s a known co-
polymer material that has been widely used as in plastic
laminate and overlay materials, thermal insulators,
sensors and lenses. Additionally, porous PMF has been
considered for use in the absorption of compounds such as
benzene and water. However, known PMF resins and foams
produced by conventional methods, e.g., use of soft
templates or by sol-gel processes, typically possess
surface areas of less than 100 m?/g. While PMF  synthesis
using colloidal silica templates have managed to exhibit
higher surface areas of 220 n®/g, the total surface area
is stil insufficient for vperforming effective gas
adsorption. As a result, these porous PMF materials
remain unsatisfactory <for fabricating materials for
adsorbing gases such as carbon dioxide. Furthermore,
synthesis methods involving the use of colloidal silica

templates are also considerably more complex and lack

scale~up pectential.

One study disclosed a porous melamine-based polymer
formed from a reaction betwesen melamine and aryli-
aldenydes. This porous melamine-based polymer 1s reported
to exhibit high surface areas of about 1,000 m?/g. 1In one
embodiment, this porous melamine-based polymer is formed
from a reaction between melamine and a combination of di~
and tri- phenyi-aldehydes. One drawback of this melamine-
aldehyde polymer i1s that, due to the presence of the
iarge aryl groups in the polymer structure, large and
irregular interstitial spaces may occur within the
polymer structure that are thought to increase the pore
size and reducing the total surface area. Furthermore,
the presence of large aryl groups decreases the density

of the amine functional groups available for reaction
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with gas molecules. This in turn may have an adverse

effect on-the effectiveness of the polymer if used for

gas absorption. Another drawback of the above disclosed
porous melamine-based polymer is the relatively high cost
asséciated with procuring the aryl-aldehydes reactants.

In another known method of making a melamine-based
polymer, it has been proposed to form a PMF polymer
aerogel Dby reacting melamine with formaldehyde in the
presence of a strong sodium hydroxide base catalyst in an
agqueous medium. However, the synthesis method involves a

multiple~step process, including at least one pH

- modifying step and a curing step. The sodium hydroxide

base catalyst also needs to be neutralized Dby a PpH

54

nodifier such as an acid. The scodium hydroxide catalyst
in the agueous medium results in hydroxide
functionalization of the Dbridging groups betwee the
melamine groups of the produced cross-linked PMF. The
hydroxide functionalization renders the PMF unsuitable as
a. gas adsorbent for gases - such as carbon dioxide,.
Furthermore, due to the multiple steps in the prdcess and
the need to neutralize the sodium hydroxide base, the
process 1is not sultable or is at least inhibited from
being used on an industrial scale to produce porous PME. |
Accordingly, there is a need to provide a novel
solid sorbent materiél for use as a gas adsorber which
overcomes, or at least - amelilorates one of the
disadvantages mentioned above. In particular, there is a
need to provide an inexpensive solid sorbent for use as a
gas adsorber that i1s durable, exhibits high surface area
for adsorption, 1is relatively easy to synthesize and -
regenerate. There is” further a need to provide a method

for producing this solid sorbent.



10

15

20

25

30

Summary

There 1s provided a polymer material comprising
mesopores extending between melamine-formaldehyde co-
polymer nano-particles and wherein micropores extend
within the co-polymer nano-particles.

In a first aspect, there 1is provided a polymer
material comprising mesopores disposed between melamine-
formaldehyde co-polymer nano-particles and wherein
micropores extend within the co-polymer nano-particles,
wherein the melamine-formaldehyde co-polymer is composed
of repeating units of a monomer having a ring structure.

The combination of the mesopores and micropores
results in a very melamine-formaldehyde co-polymer with a
very high surface area. The disclosed polymer material
exhibits a high surface area, a well-defined pore
structure and a high density of amine functional groups.
Advantageously, owing to its high surface area, the
disclosed polymer has been found to exhibit a high rate
of CO, adsorption and desorption. Furthermore, the amine
functional groups of the melamine units can form weakly-
binding bonds with CO, molecules (having low bond energies
between 15-26 kJ/mol). Advantageously, the disclosed
polymer material can Dbe regenerated easily as the
adsorbed CO, gas can be readily desorbed and then purged
from the polymer material, for example, by flushing with
an inert gas. Furthermore, the disclosed polymer
material is composed of readily available and inexpensive
raw materials, i.e., melamine and formaldehyde.
Therefore, the disclosed polymer material is cost-
effective to produce and can be used as a CO, gas
absorption agent and to provide an alternative to
existing liquid CO, scrubbers. At the same time, the

disclosed polymer material overcomes the  technical



drawbacks of existing solid sorbents which exhibit low
surface areas for adsorption and which require complex
synthesis procedures.

In one embodiment, the polymer material may comprise
a surface area of at least 300 m?/g. In another

embodiment, the polymer material may possess a surface
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area of at least 600 m?/g. In yet another embodiment, the
polymer material may possess a surface area in a range of
from 600 HF/g to 1,200 n@/g. Advantageously, the large
surface area is provided by the combination of the
mesopores which extend between an agglomerated mass of
melamine-formaldehyde co-polymer nano-particles and the
micropores which extend within the melamine-formaldehyde
co-polymer nano-particles themselves. The large surface
area allows the polymer material to adesorb larger
quantities of gaseous compounds relative to known polymer
materials of melamine-formaldehyde co-polymer nano-
particles and further improves the rate and extent of gas
absorption. For example, the disclosed polymer material
may be used as an adsorbent material in the fabrication
of a solid gas scrubber for processing high throughput
waste gases containing high concentrations of carbon
dioxide.

In a second aspect, there is provided a sorbent
material for adsorbing gas comprising the polymer
material as described above.

There 1is provided a sorbent material for adsorbing
gas comprising an agglomeration of melamine-formaldehyde
co-polymer nano-particles with mesopores extending
between said nano-particles and wherein micropores extend
within the nano-particles.

In a third aspect, there is provided a sorbent
material for adsorbing gas comprising an agglomeration of
melamine-formaldehyde co-polymer nano-particleg with
mesopores extending between said nano-particles and
micropores extending within the nano-particles, and
wherein the melamine-formaldehyde co-polymer is composed
of repeating units of monomers having a ring structure.

Advantageously, the formation of micropores vastly

increaseg the available surface area for the sorbent



material to contact and adsorb the gas onto the surface
of the polymer material. Further advantageously, the
mesopores caused by the agglomeration of wmelamine-
formaldehyde copolymer nanoparticles increase the overall
porosity of the polymer material, thereby allowing gases
to freely flow through the polymer material with minimal

or negligible pressure drop across the polymer material.

6a
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In a fourth aspect, there is provided the use of the
polymer material as claimed in the first aspect to adsorb
a gas. In one embodiment, the gas may be carbon dioxide.
In another embodiment, the gas may be carbon monoxide.

In a fifth aspect, there is provided a method of
removing at least one of carbon dioxide gas and carbon
monoxide gas from a gas stream containing said at least
one of carbon dioxide gas and carbon monoxide gas, the
method comprising the step of contacting the gas stream
with a polymer material as defined in the first aspect
above to adsorb at least one of said carbon dioxide gas
and carbon monoxide gas thereon.

There is provided a method of making a polymer
material comprising the step of reacting melamine with
formaldehyde 1in the presence of a non-aqueous polar
solvent.

In a sixth aspect, there 1is provided a method of
making a melamine formaldehyde co-polymer comprising the
step of reacting melamine with formaldehyde in the
presence of a non-aqueous polar aprotic solvent.

Advantageously, the mnon-aqueous polar solvent is
selected so that the reactant mixture of melamine and
formaldehyde are soluble therein. Ag the melamine and
formaldehyde react they form the resulting copolymer
{(hereafter “PMF polymexr”) is insoluble or has very poor
insolubility in the gselected non-agqueous solvent and
hence copolymer nanoparticles form that have micropores
extending therein. The microporous copolymer
nanoparticles then agglomerate and adhere together to
form mesopores therebetween. The selection of a non-
aqueous solvent renders the resulting PMF polymer
significantly more porous and having a higher surface
area due to its high porogity relative to PMF that is

reacted 1in a pure agqueous solvent such as water.



However, it should be realized that while the disclosed
method reacts melamine and formaldehyde in the presence
of a non-agueous solvent, an agueous solvent sguch as

water may also be present in the reactants.

7a
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Advantageously, the disclosed method is directed
towards a simple, one-step synthesis of BMF polymer,
which 1s easy to implement and can be potentially scaled
up for industrial applications. Further advantageously,
the disclosed method is capable of achieving a porous PMF
polymer having the advantages of the polymer material
described above, including a high surface area of from
300 m®/g to about 1,200 m?/g, a defined pore structure,
high capacity for gas adsorption and ease of

regeneration.

Definitions

The following words and terms used herein shall have
the meaning indicated:

The term “surface area” as used in the context of
the present specification 1s taken to refer to the
surface area as determined by the Brunauer Emmett Teller
(BET} method {(“Sger”), which is the standard measurement

of particulate surface area by gas porosimetry techniques

and as will be well known to persons skilled in the art.

The gas used in the BET analysis 1s typically nitrogen.

The term ‘“mesopore” and grammatical variations
thereof, as used in the context of the present
specification is taken to refer to pores residing within
a polymer material having a pore diameter, as measured
via the BJH method, of between 2 nm to 50 nm. |

The term “micropore” and grammatical variations
thereof as used in the context of the present
specification is taken to refer to pores residing within
a polymer material having a pore diameter, as measured-

via the BJH method, of 2 nm or less.



5

10

15

20

N
U

30

WO 2012/039683 PCT/SG2011/060328

The term “nanopartiéle" and grammétical variations
thereof, as used in the context of the present
specification, refers to a macromolecular structure
formed from a plurality of repeating monomer units, in
the nanometer range of less than 1 micron.

The word “substantially” does not exclude
“completely” e.g. a composition which is “substantially
free” from Y nmay be completely free from Y. Where
necessary, the word “substantially” may be omitted from
the definition of the invention.

Unless specified otherwise, the terms "comprising”

~.and "comprise"[ and grammatical variants thereof, are
intended to represent "open"” or "inclusive" language such
that they include recited elements but alsc permit
inclusion of additional, unrecited elements.

As used herein, the term “about™, in the context of
concentrations of components of the formulations,
typically means +/- 5% of the stated value, more
typically +/- 4% of the stated value, more typically +/-
'3% of the stated value, more typically, +/- 2% of the
stated value, even more typicaily +/- 1% of the stated
value, and even more typically +/- 0.5% of the stated
value.

Throughout this disclosure, certain embodiments may
be disclosed in a raﬁge format. It should be understood
that the description in range format 1s merely for
convenience and brevity and should not be construed as an
inflexible limitation on the scope of the disclosed
rangés. Accordingly, the description of a range should be
considered to have specifically disclosed all the
possible sub-ranges as well as individual numerical
values within that range. For example, description of a
range such as from 1 to & should be considered Lo have

specifically disclosed sub-ranges such as from 1 to 3,
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from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from
3 to 6 etc., as well as individual numbers within that
range, for example, 1, 2, 3, 4, 5, and 6. This applies

regardless of the breadth of the range.

. Disclosure of Optional Embodiments

Exemplary, non-limiting embodiments of a polymer
material according to the first aspect will now be
disclosed.

The polymer material may possess a surface area of
at least 300 m?/g. Preferably, the surface area of the
polymer material is at least 600 m?/g. Even more
préferably, the surface area of the polymer material is
in the range of 600 m’/g to 1200 m?/g. In one embodiment,
the polymer material may possess a surface area of 400
m?/g or more, 450 m'/g or more, of 500 m®/g or more, 550
m?/g or more, of 600 m?/g or more, 650 m’/g or more, of
700 m?/g or more, 750 wm’/g or more, 800 m®/g or more, 850
m?/g or more, 900 m*/g or more, 950 m’/g or more, 1,000

ﬂ3/g or more, 1050 H?/g or more, and 1,100 m?/g or more.

The melamine~formaldehyde co-polymer may be composed
of repeating units of a monomer having a ring structure
{hereafter “ring monomer”). Each ring monomer unit may
comprise at least three melamine monomer units, each
melamine monomer unit being linked to the other two
melamine monomer units- by way of a linking group. The
ring monomer may form a closed ring configuration having
a substantially triangular orientation which may be

further extended at each of the three terminal apexes.

A plurality of amine functional groups may extend
around the periphery of each ring monomer. In particular,
the amine groups may be disposed at the apexes of the

ring monomer unit and adjacent to the linkages between

10



10

15

20

25

30

WO 2012/039683 PCT/SG2011/000328

one melamine monomer unit and another melamine monomer

unit.

The amine functional group may be a sSecondary amine
(NHX,) or a tertiary amine (NXj3), where X may be selected
from a melamine group, substituted or unsubstituted Ci.
alkyl or alkenyl, or halogen. In one embodiment, the
amine functional group 1s a secondary amine. Preferably,
the secondary amine is NHYX, where X is a melamine group
and Y is a linker between two amine functional groups,
such as, a Ci-4 alkyl group. In another embodiment, Y can

be & terminal alcohol group, such as a Ci.q alcohol. In

" another empodiment, Y is a methanol group (-CHzOH).

Advantageously, the ring monomer is regularly shaped
and is capable of forming an extensive, tessellated,
cross-linked lattice structure comprising repeating units
of the ring MONOmErs . During the formation of the PMF,
the interstitial spaces present between one ring monomer
unit and its adjacent ring monomers promote the formation
of the micropores within the PMF structure, whiéh are
less than 2 nm in pore diameter. In one embodiment, the

micropores may be less than 1 nm in pore size.

The cross-linked lattice s=ructure comprising the
melamine~formaldehyde co-polymer may form nanoparticles,
which may aggregate to form a'mesoporous network within
the polymer material. In this regard, voids formed
between adjacent clusters of these nanoparticles may form
mesopores residing within the mesoporous polymexr

material.

Advantageously, the absence o¢f large pendulum
substituent groups attached to either the melamine units
or the linking group minimizes steric hindrance and bond

thiis

t

strain in the polymer material. Accordingly,

results in a stable polymer structure comprising a high

11
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density of amine functional groups available for
physisorption 'with gas molecules passing through the

micropores of the polymer material.

The linking group may be an alkyl bridge extending
between a pair of melamine groups, wherein the alkyl
bridge comprises a lower alkyl group such as having 1 to
4, preferably 1 to 2 carbon atoms. It 1is preferred for
the alkyl bridge to be a lower alkyl group to improve the
rigidity of the ring monomer and to minimize steric
hindrance caused by the linking group. In one

empodiment, the alkyl bridge is methyl.

The total pore volume of the polymer material may
include the total volume of the mesopores and the total
volume of the micropores. In one embodiment, the total
pore volume of the polymer material is in a range of 0.6
cm®/g to 3.5 cm’/g. In another embodiment, the total pore
volume of the polymer material is in a range of 0.6 cm’/g
to 1.5 cm’/g. In yet another embodiment, the total pore
volume is in a range of 1.0 cm®/g to 3.3 cm’/g. iﬁ still
another embodiment, the total pore volume is in a range

of 1.14 cnﬁ/g to 3.46 cm’/g.

The micropore volume may constitute 2% to 40% of the

total pore volume or 5% to 30% of the total pore volume.

el
3

one embodiment, the micropore volume may be from about
6% to about 26% of the total pore volume. In another
embodiment, the micropore volume may be from about 2% to
about 7% of the total pore volume. In particular, the
micropore volume may be in a range from 0.06 cm’/g to 0.21
cm3/g. In one embodiment, the micropore volume may be in
a range of from 0.09 cm’/g to 0.17 cm’/g. In yet another
embodiment, the micropore volume may be in a range from
0.06 cm3/g to 0.14 cm’/g. It has been found that the

micropore volume correlates strongly with the adsorption

12
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capacity of the polymer ﬁaterial. Without wishing to be
bound by theory, it has been postuléted that the
micropores are effective for CO; adsorption due to the
intermolecular interactions between the triazine nitrogen
atom and the «carbon atom of the C0; molecules, and
hydrogen bonding between H atoms of the peripheral amine
functional groups and oxygen (0) atoms of the CO;
molecule. Furthermore, as these intermclecular
interactions are only weakly binding, it 1is easy to
desorb the CO; molecules and regenerate the polymer

material.

Using +the well~known Barrett-Joyner-Halenda (BJH)
method, the pore sizes of the polymer nwteriallmay be
analyzed. The mesopores may have pore sizes in a range
of 5 nm to 50 nm, from 5 nm to 45 nm, from 5 nm to 40 nm,
from 5 nm to 35 nm, from 5 nm to 30 nm, from 5 nm to 25
nm, from 5 nm.to 20 nm, from 5 nm to 15 nm, and from 5 nm

to 10 nm. In one embodiment, the mesopores may have pore

sizes in a range of 5 nm to 50 nm. In yet another

embodiment, +the mesopores may have pore sizes in the
range of 5 nm to 20 nm. The pore sizes of the micropores

-

may be 2 nm or lesser. In one embodiment, the micropores

may be 1 nm or lesser.

Exemplary, non~liriting embodiments of a sorbent
material according to the second and third aspects will

now be disclosed.

The sorbent material may comprise the polymer
material as disclosed above. In one embodiment, the
sorbent material may comprise an agglomeration of
melamine-~formaldehyde co-polymer nano-particles with
mesopores extending petween said nano~particles and
wherein micropores extend within the nano-particles.

Advantageously, the sorbent material may be used for

13



10

15

30

W0 2012/639683 PCT/SG2011/000328

adsorbing one or more different types of gases. In cne
embodiment, the sorbent material is capable of adsorbing
carbon dioxide. In another embodiment, <the sorbent

material is capable of adsorbing carbon monoxide.

Th

@

sorbent material may be.capable of adsorbing at
least 10 wt% carbon dicxide based on the total weight of
the sorbént material, measured at 1 atmospheric pressure
and 0°C. In one embodiment, the sorbent material may
have a CO; adsorption capacity of from about 5 wt% to
about 20 wt%. In one embodiment, the CO; adsorption
Capacity may be in a range from about at least 10 wt% to
20 wt%. In still another embodiment, the CO; adsorption
Capacity may be in a range from at least 14 wt% to 20
wt%. The CO,; adsorption capacity may be measured as the
change 1in weight as a percentage of the total weight of
the sorbent material after the sorbent material has been
saturated with COs.

bExemplary, non-limiting embodiments of the .method

according to the sixth aspect will now be disclosed.

The formaldehyde used in the disclosed method may be
polymerized formaldehyde that has undergone condensation

olymerization. The polymerized  formaldehyde may

T

comprise from about 8 to 100 carbon atoms. In one

empodiment, the aldehyde i1s paraformaldehyde.

In the disclosed method, non-—agueous pola: solvent
may be an aprotic solvent, 1.e., a solvent that does not
contain a diséociable proton (H' ion). Advantageously,
the aprotic solvent is a pH neutral solvent. Hence, the
disclosed method does not require additional pH modifying
steps. The aprotic solvent may also be selected from the
general class of sulfones or sulfoxides. In one
embodiment, the aprotic solvent 1is selected from an

aliphatic sulfoxide, having a general formula of R'-$O-R?,

14
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wherein R' and R? may be same or different, and are

_independently selected from, substituted or unsubstituted

Ci-¢ alkyl and Cy.g alkylene. In one embodiment, the
aliphatic sulfoxide may comprise 2 to 10 carbon atoms.
In another .embodiment, the aliphatic sulfoxide may
comprise 2 to 6 carbon atoms. In one embodiment, the

aliphatic sulfoxide is dimethyl sulfcoxide (H3C~SO-CHs).

Exemplary aprotic solvents may include, but are not
limited to, dimethyl sulfoxide {DMSO), di-n-butyl
sulfoxide, tetramethylene sulfoxide, methyl phenyl

sulfoxide, and the like, as well as combinations of any

two or more thereof. In one embodiment of, the sulfoxide

sclvent is DMSO.

0The reaction step may Dbe undertaken at a
temperature from 120 °C to 200 °C, preferably from 120°C
to 170 °cC. In one embodiment, the reactlon step may be

undertaken at a temperature of 140 °C.

During the reaction step, the non-agueous. polar
solvent may be provided in admixture with an aqueous
medium to form a co-solvent. In one embodiment, the
agqueous medium 1s water. The non-aqueous polar solvent

may be provided in admixture with water at a volume ratio

O

f from a range selected from the group 1:1 to 3:1, 1.5:1
3:1

o , 2:1 to 3:1, 2.5:1 to 3:1, 1:1 to 2.5:1, 1.5:1 to

2.5:1, 2:1 to 2.5:1, 1:1 to 2:1, 1.5:1 to 2:1, and 1:1 to
1.5:5. In a preferred embodiment, the volume ration of
polar solvent to water is 3:1. Advantageously, it has

been found that by adding water to the solvent mixture,
the reaction temperature may be lowered to about 140 °C.
Also advantageously, the use of the polar solvent-water
admixture in tThe reéction step yilelded a mesoporous
polymer material having comparable performance to the

mesoporous polymer material produced with pure DMSCO as



10

15

20

30

WO 2012/039683 ‘ PCT/5G2011/000328

solvent. For example, in one embodiment, adding 25 wvol$%
water to the polar solvent (i.e, a DMSO/H,0 volume ratio
of 3:1) during the reaction yielded mesoporous polymer
having a surface area of 996 m’/g and a CC; adsorption
capacity of about 15 wt%, which i1s comparable to the

polymers produced with DMSO alone.

During the reaction step, the molar ratilio of
formaldehyde to melamine may be in a range from 1 to 5,
from 1.65 to about 4.5, from 1.8 to 2.75, from 1.95 to
3.0, or from about 2.25 to 3.0. In one embodimentz, the

molar ratic of formaldehyde to melamine is in a range

Cfrom 2.25 to 3.75, In another embodiment, the molar

ration of formaldehyde to melamine is in a range from 1.5

to 2.5.

The reaction may be undertaken for a pericd of from
48 hours to 120 hours. In one embodiment, the reaction

step is performed for 72 hours.

The reaction step may .be performed 1in a closed
system, for example, a bomb reactor  or a pressure
reactor. In one embodiment, the reactants are placed
inside & steel bomb reactor and exposed to high
temperatures in a heater, such as an oven. In another
embodiment, the reaction step may also be carried out in
a partially heated reactor. In one embodiment, the
reactants are introduced intc a small volume glass vial

and placed over a heated metal plate.

Brief Descaription Of Drawings:

The accompanying drawings i1llustrate a disclosed -
embodiment and serves to explain the principles of the
disclosed embodiment. It 1is to be understooed, however,

that the drawings are designed for Dpurposes of

16
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illustration only, and not as a definition of the limits

of the invention.

Figu:es 1 (a) and 1 (b) show Transmission Electron
Microscope (TEM) images of melamine~formaldehyde co-
polymer intermediates after undergoing one hour of

reaction.

A

Figures 1 (c¢) and 1 (d) show TEM images of the
melamine~formaldehyde co-polymer intermediates after

undergoing five hours reaction.

Figure 1(e) shows a TEM image of the melamine-
formaldehyde co-polymer intermediate after undergoing ten

hours reaction.

Figure 1{(f) shows a TEM image of the mesoporocus
structure of the synthesized melamine-formaldehyde co-

polymer.

Figure 1{(g) shows a Scanning Electron Microscope
{SEM) image of the synthesized melamine-formaldenyde co-

polymer.

Figure 2(a) shows a .binding model of a carbon

dioxide gas molecule with a melamine molecule.

Figure 2 (b} shows a binding model (type-I) of a
carbon dioxide gas molecule with a melamine-formaldehyde

co-polymer.

Figure 2{c)} shows a binding model (type-II) of a
carbon dioxide gas molecule with a melamine-formaldehyde

co-polymer.

Figure 3(a) shows carbon dioxide gas
adsorption/desorption isotherms at 273 K using the

elamine~formaldehyde co-polymer of Example 2k.

17
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Figure 3(b) shows the gas cycling experiment using
the melamine-formaldehyde co-polymer of Exémple 21, under

gas flow of carbon dioxide, followed by nitrogen.

Figure 3(c) shows the dynamic performance of the
melamine~formaldehyde co-polymer of Example 21 used for

carbon dioxide capture and carbon dioxide removal.

Figure 3 (d) shows the schematic diagram for the

through-flow experiment.

Figure 4 shows the Photo-Acoustic Fourier Transform

Infrared Spectroscopy (PA-FTIR) spectrum of the

synthesized melamine-formaldehyde co-polymer.

Figure 5 shows the Bc NMR  spectrum of the
synthesized melamine-formaldehyde co-polymer showing
peaks associated with triazine carbon at 166 ppm, and
bridging CH, groups at 48-~54 ppm. The signal at 29.46 is
from DMSO.

Figure 6 shows the Thermogravimetric Analysis (TGA)
profile of the synthesized melamine-formaldehyde co-
polymer, showing thermal stability of up to about 400 °C.

<&~

Figure 7(a) shows a SEM image o¢f the melamine-

" formaldehyde co-polymer synthesized Dby heating in an

oven, using reaction conditions of 2.0M concentration and

a paraformaldehyde to melamine ratio of 2.25:1.

Figure 7(b) shows a SEM image oI the melamine-
formaldehyde co-polymer synthesized by heating in an
oven, using reaction conditions of 2.0M.concentration and

a paraformaldehyde to melamine ratio of 3.75:1.

Figure 7{c) shows a SEM image of the melamine-
formaldehyde co-polymer synthesized by heating on a
hotplate, using reaction conditions of 2.0M concentration

and a paraformaldehyde to melamine ratio of 2.25:1.
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Figure 7(d) shows a SEM image of the melanmine-~
formaldehyde ‘co~polymer synthesized by heating on =a
hotplate, using reaction conditions of 2.0M concentration

and a paraformaldehyde to melamine ratio of 3.75:1.

Figure 8 shows the nitrogen gas

adsorption/desorption isotherms of Example 2a at 77XK.

Figure 9 shows the breakthrough curve for carbon
dioxide gas adsbrption by the synthesized melamine-

formaldenyde co-polymer of Example 21i.

Figure 10 shows a reaction scheme for synthesis of a
nonomer ring conprising a melamine-formaldehyde

copolymer.

Detailed Description of Drawings

Referring to Figure 1(a), there are shown, nano-
particle flakes in the region of 10~50 nm formed by
precipitating malamine-formaldehyde co-polymérs. The
initial melamine~formaldehyde monomer units are
stabilized by the hydrogen bonding between the amine
hydrogens with the solvent. Once nanc-particle flakes
with the size in the region of 10-50 nm are formed, the
poor solubility of the melamine-formaldehyde co-polymers
in the DMSO solvent induces precipitation. The flakes
precipitate from the sclvent as melamine-formaldehyde
nano-particles comprising micropores within the structure
0of the nanoparticle flakes. In Figure 1i{b), there are
shown, micro sized particles formed by agglomeration of
nano-particle flakes. This agglomeration connects the
nano-particle flakes, forming mescpores within the
network of connecting nano-particles. Figures 1(c) to

g) show the step by step agglomerating the nancparticle

—

1
flakes to form a meso~porous melamine-formaldehyde co-
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Figure 2 shows carbon dJdioxide binding }nodels, the
density functional theoxy (DFT) calculations were carried
out with the Gaussian 03 software. The exchange-
correlation functional employed is known as Becke, three-
parameter, Lee~Yang-Parr {B3LYP) which includes a
fraction of Hartree-Fock exchange to reduce the self-
interaction erxror. In the analysis, the 6-31/G{(4,p)
basis sets were used. After the structure of each
compound was fully optimized, the total energy was

obtained.

In Figure 2{a) there is shown a carbon dicxide
molecule binding to a melamine molecule. The melamine is
shbwn~to display electrostatic interactions between the
carbon of carben dioxide molecule and the <triazine
nitrogen atom (C-~N: 2.86 A). In addition, there are
hydrogen bond interactions between the carbon dioxide
molecule and hydrogen atoms of the amine functional
groups (H-O: 2.27 and 2.28 ' A). The calculated ' total
energy difference for this binding is -25.7kJ/mbl. The
possible electrostatic interactions and slightly
exothermic hydrogen bond interactions indicate a
favorable physisorption model for binding of a carbon
dioxide molecule to a melamine molecule. The low
exothermic bond energy. of the hydrogen bonds, further

indicate that the binding model would be easily reversed.

In Figure 2(b) there is shown a type—Z'binding of
carbon dioxide molecule to melamine-formaldehyde co-
polymer. The calculated energy difference for this
binding model 1is around =-25.3 to =26.5kJd/mol. This is

similar to Figure 2{(a). Hence, melamine~formaldehyde co~

.

olymer should also bind reversikly te carbon dioxide.

o)

In Figure 2(c) there 1s shown a type-II binding of

carbon dioxide molecule to melamine-formaldehyde co-
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polymer. This bindiﬁg model displays only strong hydrogen
interaction between carbon dioxide molecule and the
melamine~formaldehyde co-polymer. The energy difference
of type-II binding is about -15.2kJ/mol, which is still

favoraple.

This physisorptive model is in agreement with the
BET carbon dioxide  adsorption/desorption  behavior.
Further, this also displays the importance of the role of
micropores and mesopores in carbon dioxide gas
absorption.- The greater the microporosity of the

melamine-formaldehyde co-polymer, the larger the capacity

cof the melamine-formaldehyde co-polymer is for gas

adsorption. Of course, the example uses carbon dicxide
gas as a model, however this would be applicable for
other gases with similar molecular properties and

interactions.

Figure 4 shows the Photo-Accustic Fourier Transform
Infrared Spectroscopy (PR-FTIR) spectrum ot the
synthesized melamine-formaldehyde co~polymer showing
peaks associated with NH, or NH stretching at 3400 am™?,
CH? stretching at 2950 cm™, imine stretching at 1600cm™,
and triaziﬁe stretching at 1550 cm™ and 1480 cm™. The
first can be assigned to the carbon atoms present in the
triazine ring and the double resonances at 48 and 54 ppm

can be correlated to CHz groups that link two melamine

molecules or a terminal -NH-CH;-OH group.

There 1s shown in Figure 10, a reaction scheme for
the formation of a two dimensional melamine-formaldehyde
ring monomer unit. In a well controlled reaction, the
synthesis of the melamine-formaldehyde will result in
tessellation o©f the ring monomer unit. However, in a
practical situation, perfect control of reaction

conditions would not b possible. ‘Hence, formation of the
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tessellated ring monomer unit will be  interposed with
periods of amorphous irregular geometry in the formation

of melamine-formaldehyde nano-particles.

Examples
Non-limiting examples of the invention will be
further described in greater detail by reference to
specific Examples, which should not be construed as in

any way limiting the scope of the invention,

The solvents used in the folliowing exampies, DMSO,
tetrahydrofuran (THEY , Dichloromethane {CH,Cly) ahd
acétone were purchased from Tee Hai Chemicals, Singapore.
Melamine and paraformaldehyde were purchased from Sigma-

Aldrich, United States of Aﬁerica.

Example 1

Mesoporous melamine-formaldehyde ceo-polymers synthesized

on a hot plate
‘ Melamine and paraformaldehyde were added to a 20-ml
glass vial, followed by the addition of anhydrous DMSO,
The " reaction mixture was heated gradually to give a
colorless solution. Further heating at 180°C for 72 hrs
resulted in the formation of a white solid. The solid was
filtered, and washed with water (3X) and acetone (2%).
The resulting solid was dried under vacuum at 80°C for 24
h.

Using the above protoccl, 8 samples of mesoporous
PMF (Examples la to 1ln) were prepared. The molar ratios_
of reactants, amount of solvent, reacticn tTime and
temperature for Examples la to 1lh are provided in Table 1

below. The resulting samples were analyzed by nitrogen

sorption at 77 K; surface area and pore diameter were

obtained by the Brunauer-Emmet-Teller (BET) and Barrett-

.

22



wn

10

20

WO 2012/639683 PCT/5G2011/600328

Joyner-Halenda (BJH) methods, respectively. Carbon
dioxide sorption isotherm was analyzed at 273 K, and the

results are also shown in Table 1 below.

Table 1
Sam Reaction Conditions N2 Adsorption at 77 K using BET and BJH CO2
ple , ' ' methods ' Adsorpti
Total PMF 1o T. = Reaction Surface Pore TPV Micropore Capaci
Conq of Melamine (°C)  Time (h} Area Diameter (cmalg) Volume (wi%%)
rea::;;nts. ) (Rk:::; " ) (nm) (cm¥q)
1-a 20 . 3.75 180 72. 743 10.4 1.06 0.14 14.0
t-b 20 4.50 180 72 713 8.9 1.00 0.10 11.4
1-c 1.5 3.75 180 72 898 11.1 1.48 " 0.14 14.3
1-d 25 3.75 180 72 739 10.0 0.89 0.16 14.1
1-e 20 3.75 180 48 882 10.7 1.30 8.16 14.8
1-f 20 3.75 180 120 684 9.2 0.866 0.17 141
1-g 2.0 3.75 160 72 636 13.3 1.41 0.09 12.'0
1-h 20 ' 2.25 - 180 72 72.9 19.2 0.08 0.02 7.8
Exanple 2

Mesoporous melamine-formaldehyde co~polymers synthesized

in an oven

Melamine and paraformaldehyde were added to a 10 mi
Teflon container with & magnetic stirrer, followed by
addition of anhydrous ‘DMSO. The Teflon container was
capped and secured within a steel bomb reactor, which was
heated to 120 °C in an oven (Memmert Universal UNE 400)
for 1 hr. The bomb reactor was removed from the oven for
stirring on a magnetic plate for 30 minutes to obtain a
homogenecus solution. The bomb reactor was then heated
again in the oven at 170 °C for 72 nours. The reactor was

allowed to cool to room temperature, and the solid
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product obtained was crﬁshed, filtered, and washed with
DMSO, acetone (3x), THF (3x) and CHQC}.Z.‘ The resulting
white solid was dried under vacuum at 80 °C for 24 hr.

12 different samples (Examples 2a to 21) were
produced based on the above described protocel. The molar
ratios of reactants, solvent volume are provided in Table
2 below. The samples were analyzed according to the

analytical methods mentioned in Example 1, and the

results are also shown in Table 2 below.

Table 2:
Sample Reaction Condifions N2 Adsorption at 77 K CO»
Gone PME (o BET B Toral  Micropore Agsmm_“’“
(M) . Surface Pore Voiume apacity
Meiamine Pore (Wt%)
Area ‘ Volume  (cm’/g)
. Diameter
{Molar Ratio) (cmalg)
(m/g)
{nm)

2-a 15 2.25 1099 10.3 2.09 0.13 - 153
2-b 1.5 3.00 1004 8.3 1.78 0.0 11.4
2-c 20 2.25 : 1017 12.4 224 0.13 T 445
2-d 20 ' 3.00 971 10.2 2.08 - 0.06 11.0
2-g 2.0 3.75 915 5.9 1,14 0.06 11.2
26 25 225 1074 17.5 3.29 0.14 157
2-g 25 3.00 1046 16.5 3.46 0.08 12.6
2-h 2.0 1.80 791 11.7 1.35 0.15 13.9
24 2.5 1.80 830 15.7 1.90 0.21 18.7
2 2.75 1.80 803 23.0 2.79 0.20 17.7
2-k 25 1.65 785 13.8 1.21 0.20 17.7
24 - 25 1.85 905 15,9 2.22 0.16 15.5
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Example 3

Mesoporous melamine~formaldehyde co-polvmers synthesized

using a solvent admixture of DMSO and H,0

Paréformaldehyde and melamine were mixed in a molar
ratio of 3:1 and reacted in the presence of a solvent
admixture comprising DMSC and H;O. The total concentration
of the reactants was 2.0 M and the overall reaction was
performed in a bomb reactor that was heated in an oven
for 72 hrs.

7 samples (Examples 3a-3g) of mesoporous PMF were
produced using the above described protocol. The volume
ratio of DMSO  to 8,0, oven temperatures were varlied
according to Table 3. The product samples were analyzed
according to the analiytical methods mentioned in example
1, with the results slso éhown in Table 3 below.

Table 3

Sample Reaction Conditions Nz Adsorption at 77 K CO2
DMSO/ Temp. (°C) BET BJH Totai Pore  Micropore Adsorption
 Capacity®
HO - Surface Volume Volume
A Pore 3 S (Wit%)
Volume red Diameter 1 (om"/g)
. 2 )
Ra’t:g {m*/g) (o)
3-a 1:3 140 1.8 . 87.9 0.14 0.002 . 7.3
3-b 11 140 581 10.0 0.46 0.18 15.9
3-¢ 3:1 140 31255} 7.1 1.36 8.12 14.9
3-d 11 140 581 10.0 0.45 0.18 18.9
3-e 3:1 140 096 7.1 1.36 0.12 14.9
3-f 11 100 168.1 124 0.486 0.007 4.3
3-g 101 120 235.7 13.1 0.55 0.03 8.6
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Comparative Example 4

Mesoporous PME synthesized with N-methylpyrrolidone (NMP)

as solvent

Paraformaldehyde and melamine were mixed in a molar
ratio of 3.75 to 1 and reacted in the presence of NMP.
The overall concentration of reactants was 2.0 M and the
reaction mixture‘was heated at a temperature of 180°C for
72 hrs. The resulting sample was analyzed according to
the analytical methods in example 1, and the results are

provided below.

Surface Area (m°/g) = 4.6

Pore size(nm) = 57.5
Total Pore Volume (cmﬁ/g) = 0.005
Micropore Volume (cm?]g) = 0.003

CO, adsorption (wWL3%) = 4.7

This comparative Example demonstrates that DMSO is
likely to play an important role in the formation of
micropores, which = strong qorrelates with the carbon
dioxide gas adsorption capacity of the resulting
mesoporous PMF. In this Example, it can be seen that both
the micropore volume and surface area obtained are
significantly inferior to the PMFs obtained in Examples
1-3, which accordingly translated to an adsorptioh

capacity of less than 5 wt%.
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Exanmple 5
TGA Gas Cycling Experiments

Melamine~-formaldehyde co-polymer from Example 2i was
subjected to the following gas cyclic treatment at 25 °C:
carbon dioxide (99.8%) gas flow (20 mi/min) for 30 min,
followed by nitrogen (99.9995%) gas flow (20 ml/min) for
45 min.

Changes in weighﬁ Gf thé PMF sample were recorded by
the TGA instrument. Prior to the cyclic tréatment, the
sample was first purged at 120 °C for 60 minutes under
nitrogen gas flow, followed by cooling to room
temperature. Change in buoyancy effects arising from the
switching of gases was recorded using an empty sample
pan, énd the buovancy effects were corrected for in the
TGA curve.

Tﬁe results may be described with reference to
figure 3(by. There was an evident sudden sharp increase
in weight % of the synthesized melamine~formaldehyde co-~
polymer which continued until a maximum adsorption at 9.3
weaight %Nygs achieved. Once the gas feed was switched to
nitrogen gas, a similarly vrapid weight% lecss was
observed, due to the desorption of the carbon dioxide
from the PMF. The adsorption and descrption cycle was
continued for & successive cycles and, no loss in either
the speed or capacity of adsorption/desorption was
observed. This Example clearly demonstraﬁes the
suitability of the PMF for use in large scale industrial
gas scrubbing applications, due to 1its efficient gas
uptake and discharge during regeneration, and its
durability for multiple-use without exhibiting any loss‘

in adsorption capacity
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Example 6:

Through=-Flow Column Adsorption

A schematic diagram for the experimental set~up is
provided 1in Figure 3(d}. A steel column of 10 cm in
length and 10 mm internal diameter was packed with
1.036 g of melamine-formaldehyde co-polymer powder from
Example 2i. The packed column was subseguently connected
to a cylinder of 15% carbon dioxide gas in nitrogen gas.
Gas flow was controlled with a cylinder regulator and a
gas flow meter at a flow rate of 2.5 ml/min. The output
gas from the packed column was connected direétly to a
Gas Chromatograph for analysis. The Gas Chromatograph
instrument was conditioned for 1 h at 200 °C prior to the
analysis. An optimized - Gas Chromatograph method of
isothermal analysis at 7% °C for 1.8 min was employed.
Retention time for nitrogen gas peak and carbon dioxide
gas peak were at 0.68 min and 1.48 min respectivély. The
time interval Dbetween consecutive Gas Chromatograph
analyses was 2.15 min. The peak areas were calculated to
obtain S%carbon dioxide, wiﬁh 15% carbon dioxide gas in
Nitrogen gas as a reference gas mixture. Vacuum was
applied to the experimental setup before analysis and the
gas lines were purged with inert helium gas prior to
carpbon dioxide gas adsorption by synthesized melamine-
formaldehyde co-polymer. For recyciing of the synthesized
melamine~formaldehyde co-polymer, vacuum (pressure‘ of
about 1 mbar) was applied to the ceclumn for 1 h and the

adsorption analysis repeated as stated above.

The use of an analyte gas at 15% carbon dioxide gas
in nitrogen gas simulates the actual composition of flue
gas discharged by powér plaﬁts. Figure 9 shows that
aimost all the carbon dioxide gas in the gas feed was

adsorbed by the synthesized melamine-formaldehyde co-
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poiymer in the first 40 minutes until the synthesized
melamine-formaldehyde co-polymer was approaching
saturation. With reference to Figure 3(c), the carbon
dioxide adsorpition capacity of the synthesized melamine-
formaldehyde co-polymer reached 3.8, 4.2 and 4.7 wt% for
9% %,A95 % and 90 % removal of CO; from the analyte gas
respectively. This performance is comparable to an

optimized dynamic capacity of a 30% MEA solution.

Vacuum was used to regenerate the packed column and
full carbon dioxide adsorption capacity was recovered.

This again exemplifies the ease of regeneration ‘and

 indicates the suitability of the presently disclosed

melamine-formaldehyde co-polymer as a more cost-effective
and enerqgy efficient alternative to current ligquid and/or

solid gas sorbents used in the industry.

It will be apparent that various other modifications
and adaptations of the invention will be apparent to the
person skilled in the art after reading the foregoing
disclosure without departing from the spirit and scope of
the invention and it 1s intended that all such
modifications and adaptations come within the scope of

the appended claims.

2pplications

The disclosed mesoporous PMF can be envisioned as a
cost~effective and viable alternative to current liguid
carbon dioxide gas scrubbers, such as MEA. In pafticular,
the disclosed solid PMF sorbent is inexpensive'to producs
and in contrast to MEA, the disclosed PMF sorbent can be
easily regenerated .due to the weakly binding
intermolecular forces Dbetween PMF and COz, thereby

negating or at least minimizes the energy penalties so
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commonly associlated with MEA. Further in contrast to
MEA, the disclosed PMF sorbent does no£ require periodic
replenishment and therefore entails additional cost
savings.

The disclosed mesoporous PMEF is also superior to
currently known soclid gas sorbents, not least due to its
high BET surface area and micropore volume, which allows
the disclosed mesopokous PMF to exhibit wup a COp
adsorption capacity of up to about 20 wt%. - Even more
advantageously, the disclosed mesoporous PMF doces not

require complex synthesis procedures. In particular, the

- disclosed PMF may be produced in a one-step solvothermal

reéctipn process, without requiring the use of basic
catalysts and/or other pH modifying processing steps. In
contrast to existing methods of producing PMF for gas
sorption, which may Dbe cumbersome and potentially
expensive, the straightforward synthesis method disclosed
in the present invention lends itself industrial scale-up
potential and ease of implementation.

It will be apparent that various other modifications
and adaptations of the invention will be apparent to the
person skilled in the art after reading the foregoing
disclosure without depaiting from the spirii and séope of'
tﬁe 3'.wafentioﬁ'~ and it is intended that ali  such
modifications and adaptations come within the scope of

the appended claims.
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Claims

1. A polymer material comprising mesopores disposed
between melamine-formaldehyde co-polymer nano-particles
and wherein micropores extend within the co-polymer nano-
particles, wherein the melamine-formaldehyde co-polymer
ig composed of repeating units of a monomer having a ring

structure.

2. The polymer material as claimed in claim 1, wherein

the polymer material has a surface area of at least 300

m?/g.

3. The polymer material as claimed in claim 2, wherein

the surface area is at least 600 m?/g.

4. The polymer material as claimed in c¢laim 3, wherein

the surface area is in the range of 600 m’/g to 1200 m°/g.

5. The polymer material as claimed in claim 1, wherein
amine functional groups extend around the periphery of

each monomer ring structure.
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6. The polymer material as claimed in claim 1, wherein
in each monomer ring structure, an alkyl bridge extends

between a pair of melamine groups.

7. The polymer material as claimed in claim 6, wherein

the alkyl bridge is a methyl.

8. The polymer material as claimed in any one of claims
1 to 7, wherein each wmonomer ring structure comprises

three melamine groups.

9. The polymer material as claimed in any one of claims
2 to 8, wherein the total pore volume of the mesopores
and the micropores is in the range of 0.7 cm’/g to 3.5

cm’/g.

10. The polymer material as claimed in any one of claims
2 to 9, wherein the total pore volume of the micropores

is in the range of 0.06 cm’/g to 0.21 cm’/g.

11. The polymer material ag claimed in any one of claims
2 to 10, wherein the size of said mesopores is in the

range of 5 nm to 50 nm.

12. The polymer material as claimed in any one of the
preceding claims, wherein the size of said mesopores is

in the range of 5 nm to 20 nm.
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13. The polymer material as claimed in any one of claims
2 to 12, wherein the size of said micropores is 2 nm or

less.

14. A sorbent material for adsorbing gas comprising the
polymer material as claimed in any one of the preceding

claims.

15. A sorbent material for adsorbing gas comprising an
agglomeration of melamine-formaldehyde co-polymer mnano-
particles with mesopores extending between said nano-
particles and micropores extending within the nano-
particles, and wherein the wmelamine-formaldehyde co-
polymer is composed of repeating units of monomers having

a ring structure.

16. A sorbent material as claimed in claim 15, wherein
the sorbent material exhibits the ability to adsorb

carbon dioxide gas.

17. A sorbent material as claimed in claim 16, wherein
the adsorption capacity of carbon dioxide gas is at least
10 wt% based on the total weight of the sorbent material,

measured at 1 atm, 0°C,

18. Use of the polymer material as claimed in any one of

claims 1 to 13 to adsorb a gas.

19. The use as claimed in claim 18, wherein the gas 1is

carbon dioxide or carbon monoxide.
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20. A method of removing at least one of carbon dioxide
gas and carbon monoxide gas from a gas stream containing
said at least one of carbon dioxide gas and carbon
monoxide gas, the method comprising the step of
contacting the gag stream with a polymer material as
c¢laimed in any one of claims 1 to 13 to adsorb at least
one of said carbon dioxide gas and carbon monoxide gas

thereon.

21. A method of making a melamine formaldehyde co-
polymer comprising the step of reacting melamine with
formaldehyde in the presence of a non-agueous polar

aprotic solvent.

22. A method as claimed in claim 21, wherein the aprotic

gsolvent ig selected from sulfoxides and sulfones.

23. The wmethod as claimed in claim 21, wherein the

aprotic solvent is selected from an aliphatic sulfoxide.

24. The method as c¢laimed in c¢laim 23, wherein the

aliphatic sulfoxide has 2 to 10 carbon atoms.

25. The method as c¢laimed in claim 24, wherein the

aliphatic sulfoxide has 2 to 6 carbon atoms.
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26. The method as c¢laimed in claim 25, wherein the

aliphatic sulfoxide is dimethyl sulfoxide.

27. The method as claimed in any one of claims 21 to 26,
wherein the reaction step is undertaken at a temperature

of between 120°C to 180°C.

28. The method as claimed in any one of c¢claims 21 to 27,
wherein the non-aqueous polar solvent is provided in

admixture with an aqueous medium.

29. The method as claimed in c¢laim 28, wherein said

agueous medium is water.

30. The method as claimed in claim 29, wherein the
volume ratio of polar golvent to water is from 1:1 to

3:1.

31. The method as claimed in any one of claims 21 to 30,
whereln the molar ratio of formaldehyde to melamine is in

a range from 1 to 5.

32. The method as claimed in claim 31, wherein the molar
ratio of formaldehyde to melamine is in a range from 1.5

to 2.5.

33. The method as claimed in any one of claims 21 to 32,
wherein said reacting step is undertaken for a period of

from 48 hours to 120 hours.
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34. The method as claimed in any one of c¢laims 21 to 33,
wherein the reaction step 1is undertaken in a closed

pressure reactor.

35. The method as claimed in any one of c¢laims 21 to 34,
wherein the reaction step is undertaken in a partially

heated reactor.
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