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METHOD FOR PURIFYING GAS USING LIQUID MARBLES

Cross-Reference to Related Application

[0001] This application claims the benefit of priority of Singapore Patent Application No.
201304031-6, filed May 23, 2013, the contents of which being hereby incorporated by reference in
its entirety for all purposes.

‘Technical Field

[0002] The invention relates to methods for purifying gas, and in particular, to such methods using »

liquid marbles. The liquid in the liquid marbles is comprised of a material or mixture of materials .

that Selectively removes unwanted gaseous component in the gas to be purified.

Background

| [0003] Natural gas, which is used by household consumers, is composed‘primarily of methane.

Prior to use, it must.be filtered, strippéd of dee oil and other higher boiling alkanés (e.g. ethane,

propane, or pentané), dehydrated, and “sweetened”, whereby CO;z and HQS are removed from the> '

natural gas. Amongst these purification steps, both 1) the dehydration step and 2) the v“swee‘tenirblg”

step could benefit significantly from using purification agents with increased surface area. |

" [0004] In the dehydration step, the gas is treated with ethylene glycols (mono-, di-, tri-, efc.) to
remove water. Due to the high affinity of glycols for water, the wet gas that ﬂowé through a
‘contactor’, which is in essence a tower packed with mesh br bubble cap tfays that maximize
contact between the glycol (dessicant) and the gas, is dried through its interaction with the glycols.
[0005] The removal of acid gases _from raw natural gas is referred to as “gas sweetening”. Raw

natural gas typically contains far higher levels of CO; and H,S than are allowed in the final

product. The corrosive nature of the acidic gases and the toxicity of H,S are amongst the principle
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reasons for minimization of their contamination in natural gaises. During the gas “sweetening” step,
where H»S and CO; are removed, tﬁe gés flows through an amine-containing contactor or through a
column of agitated anﬁne solution. The amine absorbs and reacts with H,S and CO,, thus rembving
thé acidic gases from the gas mixturé.

[0006] In both steps, the contact of the purifying liquids with crude or unpurified hatural gas is
important. By enhancing the contact area of the liquids with the gas, the efficiency and rate of
puriﬁca.tion‘would increase. Further, the domain size of the liquids is decreased by discretizing the
liquids into micronized droplets, thus enhancing mass transport of gases (in particular gases to be
absorbed) inio the sorbent. This would allow the usage of shorter purification columns/contactors
and higher gas flow rates. Also, energy could be saved because there would be a decreased need for
agitation of Vissous liquids like diethanolamine (DEA) or monoethanolamine (MEA), which are
widely used in gas sweetening processes.

[0007] In iridustrial gas purification set-ups, neat MEA is rarely used. Most corﬁmonly, a20-30
wt% aqueous solution of MEA is utilized instead. This is due to the high viscosity of neat MEA
(approximately 24 times that of water at 20 °C) as well as its corrosive néture. High liquid viscosity
results in difficulty of liquid agitation and transport through the gas contactors. Néat DEA and
triethanolamine(TEA) have even higher viscosity than that- of MEA, and their agitation for
enhanced surface interaction with the gases demands even more energy.

Summ‘a_l_y

[0008] It is herein disclosed that dry liquids, or otherwise known as micronized droplets of liquids,
are used in gas purification steps, in particular, but not limited to., gas sweetening. and dehydration

of raw natural gases, and also the purification of flue or waste gases.
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[0009] In various embodﬁnents, use of dry monoethénolamine (neaf), dry 30% monoethanolamine
solition and dry diethanolamine (neat) for the absorption of COz and their re—uSébility has been

_ demonstr'ateci. The high surface area of such materials gréatly accelerates their reaction with CO;,
and also their regeneration for recycling purposes.

[0010] Accordingly, in one aspect, there is disclosed a method fof purifying gas. The method
inchides exposing the gas to be purified to at least one type of liquid marble. The liquid marble
may becomprised of a plurality of particles and/or mixture; ofa piﬁrality of particles encapsuléting
at least one type of liquid therein. The plurality of particles may comprise nanoparticles, sub-
microh particles, or microparticles. The liquid may also be compﬁsed of a gelling agent, such as
but not limited to, fumed silica or hydrophobic silica, so as to increase the stability of the dry form.

Brief Description of the Drawings

[0011] In the drawings, like reference characters generally refer to the same parts throughout the
differe{lt views. The drawings are not neceséarily drawn to scale, emphasis instead generally being
pléced upon illustrating the principles of various embodiments. In the following description,
various embodiments of the invention are described with reference to the following drawings.
[0012] Fig. 1 illustrates a liquid droplet encapsulated by particles of low surface energy.
| [0013] Fig. 2A shows a TEM image of perﬂuorooctytriethoxysilgne treated TiO, particles. The
small érystallites studding the larger crystals are siloxide crystallites.
' [0014i Fig. 2B shows a TEM image of perfluorooctyltriethoxysilane treated Ti0; particles with
PVP pre-treatment. A core-shell type structure is mofe prevalent in this case.

[0015]' Fig. 3 shows an infrared spectrﬁm of fumed SiO; particles and fluorinated fumed SiO,
: particlés. The loss of the large peak at 3500 cm™ is indicative of the loss of Si-OH groupé on the

 surface of the particles in the fluorinated sample.
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- [0016] Fig. 4 shows a photograph of white-powdered SiO,-based dry 30% MEA solution.

(0017] Fi.g. 5 shows a pho.tograp‘h of white-powdered TiO,-based dry water.

[0018], Fig.v 6A shows an dptical micrdscope image of TiO, dry water at 100x magnification after
being left at room temperature for almost 5 days.

[0019] Fig. 6B shows an optical i’rﬁcrosc‘ope image of Ti0y/Si0;, starting matérial at 100x
magnification. The globular structures in the dry water are translucent to light due to the presence

- of water in the micronized. liquid marbles, whereas the large aggregates of the starting material
appear dark and relatively opaque to light since the entire aggregate is composed of the TiO,/SiO;
particles. |

[0020] Fig. 7 shows a graph showing the different amounts of CO, absorbed by 30% aqueous
MEA in the “dry” versus buik form. |

[0021] Fig. 8 shows the percentage weight increase (due to CO, absorption) against the maximum
theoretic‘al weight increase with time for this example. »

[00221 Fig. 9 shows a chart for CO, absorption with stirred MEA against time out of the
theoretical maximum amount of CO; to be absorbed.

[0023] Fig. 10 shows a cﬁan that even withdut applied heat, the CO, absorbed can be driven off by
air flow (note that even though the different sections are shown as a continuous graph for ease of
presentation and reading, they are not necessarily uninterrupted on the timescaie of the eXperiment.
However, the ﬂask is completely sealed in between the different sections (e.g. between the first

~ exposure to CO; and the first purge with compressed air, there may be a break of _10 minutes or
$0)).

[0024] Fig. 11 shows a graph showing re-use of “dry MEA” and regeneration via different

methods.
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[0025] Fig. 12 shows a bar graph comparing the recyclability of bulk MEA with ‘;dry MEA”,
whereby heatihg lasts for 1 hour for each cycle of regeneration. |

[0026] Fig. 13 shows a bar graph cpmparing the; recyélability of bulk DEA with “dry DEA”,
whereby heating lasts for 1 hour for each cycle of regeneration. :

[0027] Fig. 14A’svhows a transmission electroqn microscope image of fumed SiO, particles.
[0028] Fig. 14B shows a TEM image of fumed SiO, parﬁcles which have been treated with
1H,IH, 21;1, 2H;perﬂuorooctyltriethoxysilane.

Description |

[0029] The following detailed description refers t‘o the accompanying drawings that shdw, by Way
of illustratiqn, specific details aﬁd embodiments in which the invenﬁon may be practised. These
embodiments are described in sufficient detail to enable those skilled in the art to practise the
invention. Other embodiments may be utilized and structural and chemical changes méy be made
without departing from tl.le. scope of the invention. The various embodiments are not necessarily
mutually exclusive, as some embodiments can be combined with one or mo-re other embodiments
to form new embodiments. |

[0030] It is well knoWn to persohs skilled in the art that dry water (or powdeﬁzed water)
essentially refers to micfonized droplets of water encapsulated by hydrophobic particles. Dry water
is of wide interest to the industrial community, for example, for the use of cosmetic compositions
and also as ary paints.

- [0031] On a similar note, the term “dry oil” as use& herein r¢fers to micronized liquid marbles of
oil-based liquids.

[0032] On a similar note, the term “dry gel” as used herein refers to micronized liquid marbles

whereby a gelling agent is included in the encapsulated material within the liquid marble. The
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gelling agent may be, but nét limited to, fumed silica or hydfophobic silicaso as to increase the
stability. of the dry foﬁn of the gel.

[0033] Accordingly, besides water, alternative liquids with high surface tensions could also form
micronized droplets encapsulated by partif:les which are relatively phobic towards the liquid of
choice. By doihg. so, the effective surface area of the liquid is increased because the encapsulating
shell ‘is very highly porous. Further, the domain size of the liquid is decreased by converting the
liquid from bulk liquid into discrete liquid droplets, hence enhancing mass transport of gases into
the liquid.

[0034] Fig. 1 illustrates a liquid droplet ¢ncapsulated by parﬁcles of low surface energy. Since the
particleé form a highly porous shell on the surface of the liquid, there is very rapid diffusion of
gases into and out of the liquid through the particle gaps. Also, since this is a dynamic system, the
‘particles are free to move over the surface of the droplet.

[0035] Based on the above phenomenon, present inventors have surprisingly identified a use for
such micronized liquid droplets encapsulated by porous particulate shells for the enhancement of
gaé absomtioﬁ. For example, by enhahcing gas absorption and exchange rates, heterogeneous
reactions where one of the reagents is in the gas phase would be accelerated significantly.

[0036] Accordingly, in a first aspéct of the disclosure, there is disclosed a method for purifying
gas. The method includes exposing the gas to be purified to at least one type of liquid marble, for
example, micronized liquid mérbles. The liquid marble may be comprised of a plurality of particles
and/or mixture of a plurality of particles encapsulating at least one type of liquid therein. The
plurality of particles may comprise nanoparticles, sub-micron particles, or microparticles. The
liquid may also be comprised of a gelling agent, such as but not limited to, fumed silica or

hydrophobic silica so as to increase the stability of the dry form.
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[0037] In present context, the gas to be purified is compﬁsed of a mixture of gaseous components.
For example, the gas may _compﬁse a bulk gas and at least one unwanted gaseous component. By
“purified” is meént that one or more of the unwanted (i.e. undesirable) gaseous components is
removed, such as, but not limited to, absorption, from the bulk gas by the liquid marble. It is to be
understood that the purifying step may rémove a substantial portion of the unWanted gaseous
component from the bulk gas' and may not necess,aril.y be 100 % removal. In otﬁer Words, the gas is
said to be purified when the amount of unwanted gaseous component remaining in the bulk gas is
reduced to a predetermined acceptable level. In various embodhnenté, the bulk gas may be natural
gas (unprocessed) or flue (wasfe) gas. In various embodiménts, the unwanted gaseous components
may include carbon dioxide, carbon monoxide, hydrogen Sulﬁdg:, sulfur-containing gas, water
vapour, or any malodorous gas and toxic gas.
| [0038] As will be appreciated, thé type of liquid to be comprised in the liquid marble will depend
on the type of un@'anted gaseous component to be removed from the gas, and therefore the éhoice
of the liquid (or mixture of liquids) will be apparent to persons skilled in tﬁe art.
[0039] Accordingly, in various embodiments, the liquid may be selected from the group éonsisting
of ionic liquid, alkanolamine, molecule containing amine functionality, desiccant, glycol, a solution
‘ thereof, amine-containing oligomers or polymers, and a mixture thereof. For example, if carbon
dioxide or hydrogen sulfide is to be removed from a gas, then the liquid may include an amine,
such as an alkanolamine. The alkanolamine may be, but not limited to, monoethanolamine (MEA),
 diethanolamine (DEA), _triethanolamine (TEA), methyldiethanolamine (MDEA), 2-amino-2-
methyl-l-propaflol (AMP). The liquid may be neat (i.e. without other components), a solution
thereof, or a mixture thereof. For example, the liquid may be neat MEA or an aqueous solution of

MEA (such as 30%) and the resultant liquid marble may be termed dry neat MEA or dry 30%
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aciueous MEA, respectively. In yet further examples, the af least one type of liquid combrises a
mixture of at least one alkanolamine and at least one furthef amine. The at least one alkanolamine
may cémprise MEA, DEA, or AMP and the at least one further amine may comprise, but not
limited to, piperazine. In one example, the at least one tybe ofliquid may be a mixture of DEA
with piperazine.

[0040] In various embodiments, more than one type of liquid marble may be used to
simultaneously remove more than one unwanted gaseoué components from the gas. Accordihgly,
different types of nanoparticles, sub-micron particles or micrpparticles and/or mixture of a purality
of such particles may be used to encapsulate the liquids. '

[0041] In various embodiments, the particlesAl‘nay hydrophobic, oleophobic, and/or omniphobic,
depending on the nature of the liquid to be encapsulated; As apparent to persons skilled in the art,
liquid marbles are formed through the encapsulation of micronized liquid droplets using liquid
repelling particles having low surface energy. Accordingly, when a hydrophilic liquid is to be
encapsulated, hydrophobic particles are used to form the shell surréunding the liquid core. For
example, liquids (solutions, mixtures or neat liquids) with surface tensions of > 30 mN/m (in air, at
25 °C) are preferred, though not necessarily so.

[0042] Through homogenizing or rapid mixing of the hydrophobic/oleophobic particleé with the
liquid of choice, a dry liquid may be formed With the liquid compfising 10-90% by weight. As
discussed above, the liquid may exist as solution of various amines, acids, reagents, or may be a
neat liquid in itself or a mixture of various liquids, with the final liquid having a surface tension of
$ 30 mN/m (in air, 25 °C). o

[0043] The reason behind the increased rate of unwanted gaseous component removal may be due

in part to the increased surface area of the liquid comprised in the liquid marble which is exposed
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to thé gas to be purified. In enibodi'ments where fluorinated particles are eniployed to form the
liquid marbles, then another reason may be due to the fluorinated alkyl chains on the surfaces of
the particles. Since fluorinated groups have been shown to enhance, for example, CO» solﬁbility,
 the fluorinated particles may play a role iﬁ enhancing CO; uptake.

- [0044] In various embodiments, the particles may include or consist of a material selected from the
grouﬁ consisting of a metal, a metal oxide, an érganic compound, a polymer, a composite and a
mixture theréof. ) |
t0045] In cerfain embodiments, the particles may be surface-treated ‘to afford the desirablé surface

, engrgies. |

[0046] For example, the plurality of particles may include titanium dioxide (Ti0,), aluminium
oxide (AL;03), zinc oxide (ZnO), or cerium oxide (CeO).

[0047] In various embodiments where the plurality of particles is metal, a metal oxide, an organic

. compouhd, a polymer, a composite and a mixture thereof. The plurality of particles may be grafted _
with hydrophobic and/or oleophobic groups or molecule_:s. The hydrophobic and/or oleophobic |
groups or molecules may be a silane, a silicone-based polymer, a fatty acid or a derivative thereof,
an alkyl amine, an acyl chloride,and/or a mixture thereof.

[0048] For example, in the case of hydrophobicization of TiO,, Al,Os3, ZnO and CeO; particles, the |
particles may be reacted with a carboxylic acid, RCOOH, where R is a hydrophobic group such as
fluorinated of non-fluorinated hydrocarbon chain. The particles may also be hydrophobicized
through silanizatipn Witﬁ a silane reagent containing an alkyl, a fluoroalkyl or any other
hydrophobic group.

[0049] The term “alkyl”, alone or in combination, refers to a fully saturated aliphatic _hydrocarbon.

In certain embodiments, alkyls are optionally substituted. In certain embodiments, an alkyl
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comprises 1 to 18 carbon ctoms, for exémple 6 to 18 carbon atoms, wherein (whenever it appcarc
herein in any of the definitions given below) a numcrical fangc, such as "l to 18" or "C;-Cys",
refers to each integer in the given range, e.g. "C;-Cig alkyl" means that an alkyl group comprising
only 1 carbcn atom, 2 carbon atoms, 3 carbon atoms, etc., up to and including 18 carbon atoms.
Examples of alkyl groups include, but are not limited to, methyl, ethyl, n-propyl, isocropylv, n-
butyl, isobutyl, sec-butyl, tert-butyi, tert-amyl, pentyl, hexyl, heptyl, octyl and the like.

[0050] According to certain embcdiments, the particles may be grafted With hydrophobic
molecules including a silane of formula RySi(OR”)4.m, where m is an integer ﬁom l’co 4, Risa Cs- -
Cys alkyl and R’ is a C;-Cyg alkyl. For example,where m is 1, R in RSi(OR’); may be dodecyl,
hexadecyl, or octadecyl and R’ in RSi(OR’); may be methyl, ethyl, or propyl.

[0051] In altematjve embodiments, the particles may be grafted withhydrophobic molecules
including a silane of formula RSiX3, RySiX5, or R;3SiX. R is a C-Cjg alkyl and X is a hclogen. For | »
example, R in RSng, R,SiXy, ‘or R3SiX may be methyl, dodecyl, hexadecyl, or octadecyl. |
[0052] In certain embodiments,the particles may be grafted with oleophobic molecules including a
fluorinated or a perﬂuorinated cilane of formula Ry;Si(OR ). or R SiX 4., where m‘ is an integer
fromlto4.Risa ﬂuon'_nated or a perfluorinated Cs-C,g alkyl, R’ is a C-Cjp alkyl, and X is a
halogen. For example, where m is 1, R in RSi(OR’); may be CF3(CF2).CH,CH,~, where n is 3-15.
[0053] In other embodiments, the particles may be grafted with oleophobic molecules including a
fluorinated or a perfluorinated fatty acid of formula RCOOH. R is a fluorinated or a perﬂuon'natéd
Cs-Cig alkyl. Fcr example, R in RCOOH may beCF3(CF»),CH,CH,—, where n is 3-15.

[0054] In>yct further embodiments, the particles may be grafted with oleophobic molecules

including a fluorinated or a perfluorinated fatty acid chloride of formula RCOCL R is a fluorinated

10
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or a perfluorinated Cs-Cy3 alkyl. For ex’ample; R in»RCO.Cl may be CF;3(CF,),CH,CH,—, where n'is
3-15. |
[0055] The hydrophobic particles may be hydrophobicized silica, perﬂuérocarbon functionalized
silica, TiO,, ZnO, Al,O;, or any métal/mixed metal oxides,organic compound, a polymer, a
composite and/or a mixture of the abov‘e.r
[0056] In summary, by utilizing the large surface area of “dry liquids”, the treatment of gases may
be accelerated or enhanced without the need for agitation of the liquid after the initial formation of
the ‘dry liquid”. As can be seen in the be‘low-described‘examples, absorption of CO, within the
first minute is enhanced several-fold when dry MEA solution versus bulk solution is used. As the
scale of the reaction increases, the benefits of utlllzmg “dry MEA” and “dry MEA solutions” over
bulk llqulds w1ll increase accordingly due to the decreasmg feas1ble surface area to volume ratio of
bulk liquids as the volume increases. Similarly, the regeneration of MEA should be accelerated
when it is in the dry form versus bulk form.
[0057‘] Further, encapsulating typically highly viscous liquids by liquid-repelling (hygrophobic)
| particles could lead to significant energy cost savings. As an example, neat MEA may be utilized
instead of 30% aqueous MEA in the absorption of CO; gas. This diminishes the amoﬁnt of material |
to be heated for regenération and also the volume. and méss of liquid to be transported and pumped
through gas purifiers. As such, their formulation as “dry DEA” or “dry TEA” could have even
"more energy savings in the application of acidic gas removal process.
[0058] While the below-described examples refers to the absorption of CO,, the use of “dry
liquids” is not limited to the absorption of CO,, but also may be used for the absorption of various

types of g'ases.AOne further example is the absorption of water vapor in wet raw natural gases. In

11
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such gas dehydration pbcess, thé liquid fnay be comprised of desiccants such as glycols or other
alcohols. .

[0059] In order that the invention may be readily understood and put into practical effect, particular
embodimeﬁts will now be described‘by way of the following non-limiting examples.

Examples

[0060] Materials

[006lj TiOé nanoparticles Were obtained from Degussa as P25 TiO,, as a mixure of rutile and
aﬁatasé nanoparticles. Hydrophobic SiO; nanoparticles were obtained from SkySpring. Fumed 7
silica particles were obtained ﬁ'bm Aldrich (380 m*/g, Catalog no. 38126-8) and used as received.
Monoethanolamine (98%, Aldrich) and diethanolamine (>98.5%, Aldrich) were used as received.
[0062] Méthod for Lowering Surface Energy of TiO,, ZnO ahd CeO,Particles

[0063] A method for lowering surface energy of TiO,, ZnO and CeO, particles is disclosed,
whereby the particles are reacted with, for example, RnSi(OR’ )4.m OF RinSiX4m, where R is a
hydrophobic groub such as a hydrocarbon or fluorinated carbon chaih including, but not limited to
methyl, octadecyl, stearyl, or perﬂuorooctadecyl‘groups, as defined above.

[0064] In one example, the reaction of TiO, with perfluorooctanoyltriethoxysilane occurs as
follows. TiO, nanopowder (Degussa, P25, 0.5 g) was placed in an autoclavable glass bottle with 10
mL of EtOH and sonicated for 45 minutes to fully disperse. 5 mL of EtOH was measured and
adjusted to pH 11 by addition of aqueoﬁs NHj; with stirring to ensure solution homogeneity. O 15
mL of perfluorooctyltriethoxysilane was added to the basic EtOH and stirred rapidly at room
temperature for 1 hour. Subsequently, thfs solution was poured into the TiO, dispersion and rapidly
stirred at room témperature (RT) in the dark for approximately 22 hours. The powder was

centrifuged to collect and washed twice with EtOH, then subsequently dried. Yield: 0.51 g.

12
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[0065] Fi ig. 2A shows a TEM i image of perfluorooctytriethoxysilane treated TlOz partlcles The

small crystallites studdmg the larger crystals are siloxide crystalhtes

- [0066] Fig. 2B shows a TEM image of perﬂuo‘rooctyltriethoxysilane treated TiO; particles with

PVP pre-treatment. A core-shell type structure is more prevalent in this case.

- [0067] In another example, the reection of SiO, with 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane
oceurs as follows. Fumed SiO; (Aldrich, 380 m%g, 10.0 g) was placed in an autoclavable 1 L glass
bottle with 800 mL of EtOH and 40 ml of 28% NH3 in MeOH. The mixture was sonicated for 30
minutes to fully disperse the SiO; powder. 1H, 1H, 2H, 2H-perﬂuoroo‘ctyltriethoxysilane (Aldrich,
4 mL) was added to the rnixture and the bottle was sealed and sonicated for‘ another 10 minutes.
Subsequently, the mixture was stirred for 16 hours at RT, then dried at 100 °C over another 16
hours. The resulting White powder was placed in a centriﬁlge tube, weighed and stored. Yield:
112092 g.

[0068] In yet another example, the reaction of SiO, with 1H, 1H, 2H, 2H-
perﬂuorooctyltriethokysilane occurs as follows. Fumed SiO; (Aldrich, 380 m%/g, 3.5 g) was placed
in an autoclavable 100 mL glass bottle with 80 mL of EtOH The mixture was homogenized for 5
minutes at SOOO‘rpm to disperse the SiO, and to break uﬁ aggregates. 4 ml 0f28% NHj in H,O was
subsequently added and the mixture stirred vigorously. 1H, 1H, 2H, 2H-
perﬂuorooctyltn'ethoxysilane (Aldrich, 0.875 mL) was added to the mixture and the bottle was
sealetl and was stirred for 16 hours at RT, then dried at 100 °C over another 16 hours. The resulting
white powder was tested for its ability to form dry DEA, and this was found to be positive. |

- [0069] F ig..'.3 showe an infrared spectrum of fumed SiO; particles and fluorinated fumed SiO;
particles. The loss of the large peak at 3500 cm™ is indicative of the loss of Si-OH groups on the

surface of the particles in the fluorinated sample.
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[0070] Method of Forming Micronized Droplets of Diethanolamine (DEA)

[0071] In one éxample, fluorinated nanoparticles of TiO, (Degussa, P25,0.143O g) were mixed
with diethanolamine (0.1051 g) using a spatula to form very small droplets of diethanolamine :
encapsulated by the powder. The sample was also agitated by vortexing ‘it in a vial.

[0072] Method of Forming Micronized Droplets of Monoethanolamine (MEA)

[0073] In one exarﬁple, ﬂuorinate:i nanoparticles of TiO, (Degussa, P25,0.2661 g) were mixed
with monbethanolamine (0.131 g) using a spatula to create very small liquid marbles encapsulated
by th¢ nanoparticles.

[0074] In another example, fluorinated nanoparticles of SiOz were mixed with monoethanolamine
and homogenized at 3000-10000 rpm to give a fluffy, free flowing coﬁposition.

[0075] Method of Forming Micronized Droﬁlets of Neat MEA (“Dry MEA”)

[0076] In one e);;mple, fluorinated fumed silica (1.5198 g) and MEA (1.5378 g) wefe mixed and
homogenized in a Teflon cup at a shear rate o 3000-10000 rpm, yielding a fluffy, free-flowing

~ white powder, or “dry MEA”. |

[0077] Method of Forming Micronized Droplets of 30% Aqueous MEA Solution

[0078] In one example, fluorinated fumed silica (1.4666 g) was placed in a Teflon cup and 30%
aqueous MEA (4.2822 g) was added.’The mixture was homogenized at a shear rate of 3000-10000
rpm, yielding a fluffy, free-ﬂoWing white powder. |

[0079] Fig. 4 shows a photograph of white-powdered SiO,-based dry 30% MEA solution.

[0080] Methqd of FormingMicfonized Droplets of Water

[0081] Using TiO, coated with fluorinated silica affords dry water §vhen mixed with water at a

high shear rate.
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[0082] In one example, a homogenizer was used at a shear rate of 14000 rpm for 2 minutes with
1.08 g of treated TiO; powder and 2.7 g of water, yi“eldiﬁg a ﬂuffy,.»ﬁ'ee-ﬂowing white poWder.
This powdery material is in essence micronized liquid marbles, also referred to as “dry water” or
water-in-air microemulsions.

[0083] Fig. 5 shows a photograph of white-powdered TiO,-based dry water.

[0084] Fig. 6A shows an optical microscope image of TiO, dry water at 100x magnification aﬁer
being left at room temberature for almost 5 days.

[0085] Fig. 6B shows an opticél microscope image of TiO,/SiO, starting material at 100x
rﬁagniﬁcatién; The globular structures in the dry water are translucent to light due to the presence 7
of water in the micronized liquid marbles, whereas the large aggregétes of the starting material
appear dark and relatively opaque to light since the entire aggregate is composed of the TiOz/Si02
particles. | |

[0086] Method o‘f Capturing CO;

[0087] A typical small-scale laboratory gas-absorption set-up consists of flowing the gas to be
absorbed through a Schlenk ﬂaskband through a bubbbler. The weight change of the flask is
measured to determine amount of gas absorbed.

[0088] In one example, a 25 mL Schlenk flask equipped with a Teflon screw valve (or a glass stop-
cock) and a Suba-seal septum was charged with 30% aqueous MEA (2.0181 g) and flushed with
CO; gas at a flow rate of ~ 900 mL/min. The flow rate of CO; gas was checked prior to each
experiment. The flask was cdoled with a water bath (room temperature) for the duration of CO,
ﬂow. After 1 minute of CO, 'exposure, the CO; flow was turned off and the flask weighed. The

increase in weight was 74.4 mg.
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[0089] Earlier-'measurements indicated that-whcn the flask is purged with COy, repiacing air with
CO,, the increase in weight is 29.5 mg (repeated twice) for this ,ﬂask..

[0090] 2.0181 g of 30% acjueous MEA solution: Assume that density of this solution is similar to
that of water. Therefore 2.0181 cm? of headspace is taken up by MEA solution.

[0091] Density of air at 25 °C = 1.18 mg/mL

[0092] Density of CO; at 25 °C = 1.96 mg/mL

[0093] 0.78*2.02=1.6 mg

[0094] 295-1.6=27.9 mg ‘(expected‘increase in weight due to headspace)

[0095] 74.4 — 27.9 = 46.5 mg (increase in weighf due to CO;, absorbed by MEA)

[0096] 46.5/2.0181 =23.0 mg of CO, absorbed per g of 30% aqueous MEA solution after 1 minute
of CO, exposure. | . |

[0097] In anothér example, “dry MEA” (3.0014 g, formed as described above) was placed in a
Schlenk flask equipped with a Teflon screw valve (or a gléss stop-cock) and a Suba-seal septum
(weight without “dry MEA”: 88.1082 g). The Weight of the flask with MEA was recorded and
tared. .C02 gas was flowed through the Schlenk tube at a rate of approximately‘900 mL/min. The
flask was placed in a water bath at room temperature for the dﬁratipn of gas flow to minimize -
changes in temperature of the flask. The increase in weight was attributed to a) the chemical
absorption of CO, by MEA and b) the displacement of air by CO; in the headspace of the flask.
The same flask, when filled with air versus when ﬁiled ‘with CO,, shows a weight difference of |
48.55 mg.

[0098] Fig. 7 shows a graph shdwing the different amounts of CO, absorbed by 30% aqueous

MEA in the “dry” form versus bulk form.
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[0099] Simple éalculations show that the expected weight increase due to CO; in the headspace for
this experiment should be approximately 47.0 rﬁg. The theoretical maximum. CO, absorbed is:
0.5330 g. Fig. 8 shows the percentage weight increase (due to CO, absorption) against the
maxirﬁum theéretical weight increase witﬁ time for this example.

- [00100] The same set-up is used with neat MEA (98%, Aldrich), and the weight of the
sample is méasured against time. However, thé CO; uptake does not reach maximum capacity even
~ after almoét 30 minutes, instead, staying at about 40%. This is due to the low surface area of MEA
exposed to CO,.

‘[00101] " The samples tested here afe on relatively sfnall scales. As the volume of MEA or
liquid utilized increases, the gas/liquid interfacial area to liqﬁid volume ratio usually decreases
(except with agitation). Therefore, in an industrial setting, on the gallon-scale, differences between
~ “dry MEA” and bulk MEA for CO; absorption or “dry 1iquids” and bulk liquid for gas purification
and dehydration will be magnified significantly. ;

[0010‘2] CO; Capture with Stirred MEA

[00103] CO; capture with neat MEA (98%, 2.0762 g) was performed in a manner similar to
that Qf static, unstirred MEA, with the exception of a magnetic stir bar added to the reaction
mixture. The mixture was stirred at 200 rpm while exposed to CO; gas flow of 900 mL/min.
[00104] Fig. ‘9 shows a chart for‘ CO; absorption with stirred MEA against time out of the
theoretical maximum amount of CO, to be absorbed.

[00105] | It can be seen that even with a\gitation ofthe MEA by stirring, the amount of CO,

captured does not rise above 50% éﬁer 60 minutes of CO, flow.
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[00106] Further, the mass obf MEA used was only about 2g, and therefore the inferfacial area
to Volume‘ratio is relatively high. When the amount of MEA utilized is significantly increased, the
interfacial area to volume ratio will drop drastically, leading to even lower CO, ébso_rption rates.

| [00107] CO; Captﬁre with “dry MEA” — Regeneration and Re-use

[00108] Fig. 10 shows a chart that even without applied heat, the CO, absorbed can be
driven off by air flow. Note that even though the different sections are shown as a continuous graph
for ease of presentation and reading, they are not necessarily uninterrupted on the timescale of the |
experiment. HoWever, the flask is completely sealed in between the different sections (e.g. between
the first exposure to CO, and the first purge with compressed air, there may be a break of 10
minutes or so). ‘ |

[00109] We initially used compressed air (which contains COy) rather than N, due to the low
cost. If mild h>eat (60 °C, terhperature of oil bath) is applied together with the airflow, then the
regeneration of drykMEA-carbamate is faster. For a proof-of-principle experiment, we then re-
exposed the partially regenerated dry MEA to CO», and again, rapid CO, absorption is observed
from the weight gain.

[00110] The “dry MEA” rémained as a dry powder form, and thére was no need to
homogenize the silicas/MEA mixture for the duration of the above expgriment.

[00111] To test the re-usability of “dry MEA”: The CO; absorption and regeneration of “dry
MEA” was investigated and we found that not only is the absbrption of CO, much faster than that
of bulk MEA, but similarly, the regene;ation is also faster.

[00112] We tested regeneration under different conditions/methods. Fig. 11 shows a graph

showing re-use of “dfy MEA?” and regeneration via different methods.
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[00113]) At Point 1: The flask éontaining ‘;dry MEA” was loaded with CO, (flow rate = 900
mL/min) at room te;ﬁperature and the CO; loading was monitored by the weight change of the
flask.

[00114] At Point A: The flask containing “dry MEA” which was loaded with CO,, was
placed in an oven at 80 °C, with the flask open to the atmosphere. No additional gas flow was |
supplied. We noted that the regeneration was very slow without gas flow and at 870 °C.'Thereforé,

_ the sampie Was ﬁally‘charged with CO; to saturation and then regeneration B was carried out. -
[00115] At Point 2: The flask containing partially regeneratéd “dry MEA” from A was
rechargedeith CO; at a flow rate of 900 mL/min at room temperature for 15 minutes.

[00116] * At Point B: Thé flask contvaining “dry MEA” which was loaded with COZ was
placed in an oil bath. at 100 °C, with a flow of 500 mL/min of compressed air through the flask.
The regeneration is relatively fast but the “dry MEA” is progressiveiy oxidized. We observed a
coior change from a white powder to an increésingly orange powder iﬂ the “dry MEA”, which is an
indication of oxidative degradation of MEA. This is a general issue with MEA, common to various
areas Where this chemical is utilized. Also, industrially, there is typically a condenser or similar
apparatus to retain the MEA solution during the regeneration process. Some»MEA may have been
lost as vapor during the regeneration procéss.

- [00117] At Point 3: The flask céntaining partially regenerated “dry MEA” from B was
recharged with CO, at a flow rate of 900 mL/min at room tem_peratﬁre for 25 minutes. The capacity
of “dry MEA” for CO2 absomption has dropped to approximately <80%. We postulate that this is
mostly because the use of compressed air is unsuitable for this purpose and oxidative degradation

of MEA occurred during B.
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- [00118] At Point C: The flask containing “dry MEA” which was loaded with CO; was
placed in an oil bafh at 105 °C, with a flow of 700 mL/min of Argon gas through the ﬂask.

[00119] At Point 4: The flask containing partially regenerated “dry MEA” from C was
recharged with CO, at a flow rate of 900 mL/min at room temperature for 30 miﬁutes. We can see
that the decrease in CO; absorption capacity from Point 3 to 4 is not as drastic as from Point 2 to 3.
[00120] A point worth noting is vthat the.oxidative degradation of MEA occurs if air is used
for regeneration. Therefore, inert gas is preferably used instead. This is a general problem during
regeneration, especially since the MEA must be heated f01; regeneration. The higher surface area of
“dry MEA” means that reaction ‘With gases (be it CO, or Oy) is greatly accelerated. Oxidative
ciegradation'when purged with compressed air at elevated temperatures is therefore a potential
problem. This problem is circumvented-when an inert gas such as N; is utilized instead. In anycase, .
with natural gas processing, air will not be used for regeneration because of explosive and highly
flammable nature of natural gas.

[00121] In comparison with an example reported in literature (Ind. Eng. Chem. Res. 2005,
44, 1085-1089), we observed a higher regeneration of CO, under milder conditions. For example,
after 50 minutes, at a bath temcerature 0f 110 °C and N; flow rate of 2 L/min, they observed CO;
regeneration of ~ 20%. In our case, after 50 minutes, at a bath temperature of 100 °C and |
compressed air flow rate 0f 0.5 L/min, we observed CO;, regeneration'of ~40%. Further, the
amount of MEA present in the literature reported example is 50 wt%, unlike ours, which is neat
MEA. Even when the Weight of SiO; nanoparticles is taken into account, we can have a 78 wt% of

MEA in our system.

20



WO 2014/189470 PCT/SG2014/000222

: [00122] | By "comprising" it is meant including, but not limited to, whatever follows the word
"comprising". Thus, use of the term "comprisihg" indicates that the listed elements are required or
mandatory, but that other elements are optional and may or may not be present.

[00123] By "consisting of" is meant including, and limited to, whatever follows the phrase

» "consisting of". Thus, the phrase "éonsisting of" indicates that the listed elements are requi}éd or
mandatory, and that no other elements may be present.

[00124] | The inventions illustratively described herein may suitably be practiced in the
absence of any element or elenients, limitation or lifnitations, not speciﬁcallyl disclosed herein.
Thus, for example, the terms "comprising", "including", "’containing", etc. shall be fead
expansively and without limitation. Additionally, the terms and expressions employed herein have
~ been used as térms éf description and not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the features shown and described or portions
thereof, but it is recognized that various modifications are possible within the scope of fhe
invention claimed. Thus, it should be understood that although the present invention haé been
specifically disclosed by preferred embodiments and optional features, modification and variation
of the inventions embodied therein herein disclosed may be resortéd to by those skilled in the art,
and that such modifications and variations are considered to be within the scope of this invention.
[00125] By "about" in relation to a given numerical value, such as for temperature and
period of timve, it is meant to include numerical values within 10% Qf the specified value.
[00126] The invention has been described broadly and generically herein. Each of the
narrower spécies and sub-generic groupings falling within the generic disclosure also form part of

the invention. This includes the generic description of the invention with a proviso or negative
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limitation removing any subject matter from the geﬁus, regardless of whether or not the excised
material is specifically recited herein.

[00127] Other embodiments are within the following claims aﬁd non- limiting examples. In
additioh, where featureé or aspects of the invention are described in terms of Markush groupé,
 those skilled in the art will recognize that the invention is also thereby described in terms of any

individual member or subgroup of members of the Markush group.
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Claims

1.

Method for purifying gas, comprising exposing the gas to be purified to at least one type of
liquid marble, wherein the liquid.marble'is comprised of a plurality of particles and/or

mixture of a plurality of particles encapsulating at least one type of liquid therein.

Method according to claim 1, wherein the gas to be purified comprises a mixture of at least

two of natural gas, flue gas, carbon monoxide, c.arbobn dioxide, hydrogen sulfide, water
vapour, sulfur-contéining gas, malodorous gas, and toxic gas. |
Method accordiﬁg to claim 1 or 2, wherein at least one of the plurality of particles is
hydrophobic, oleophobic, and/or omniphobic.

Method according fo any one of claims 1-3, Wherein the at least one type ofliquid is selected
from the group consisting of ionic liquid, alkanolamine, molecule containing amine
functionality, desiccant, glycol, a solution thereof, -amine-containing oligomers or polymers
and a mixture thereof

Method according to claim 4, wherein the alkanolamine comprises ethanolamine, preferably
monoethanolamine (MEA), diethanolamine (DEA),triethanolamine (TEA),

methyldiethanolamine (MDEA), or 2-amino-2-methyl-1-propanol (AMP).

" Method according to claim 5, wherein the alkanolamine comprises neat MEA or an aqueous

solution of MEA.

Method acéording to any one of claims 4-6, wherein the at least one type of liquid comprises
a mixture of at least one alkanolamine and at least one further amine.

Method according to claifn '7, wherein the at least one alkanolamine comprises MEA, DEA,

or AMP and the at least one further amine comprises piperazine.
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Method according to claim 5, wherein the alkanolamine comprises neat DEA or an aqueous

solution of DEA.

‘Method according to any one of claims 1-9, wherein the plurality of particles corhprises or

consists of a material selected from the group consisting of a metal, a metal oxide, an organic
compound, a polymer, a composite, and a mixture thereof.

Method according to claim 10, wherein the plurality of particles is grafted with hydrophobic

~ and/or oleophobic groups or molecules.

Method according to claim 11, wherein the hydrophoblc .ﬁnd/or oleophobic groups or
molecules are selected from the group consisting of a silane, a sillicone-baised polymer, a fatty
acid or a derivative thereof, an alkyl amine, an acyl chloride, and a mixture thereof.
Method according to claim 12, wherein the hydrophobic molecules comprise a silane of
formulg RmSi(OR” )4um; -
wherein

m is an. integer from 1-4

R is a C¢-Cy3 alkyl; and

R’ is a C;-Cyg alkyl.
Method according to claim 13, Whérein thé hydrdphobic molecules comprise a silane of
formula RSiX;3, RySiXs, or R3SiX,
wherein

R is a C-Cg alkyl; and

X is a halogen.
Method according to claim 12, wherein the oleophobic molecules comprise a fluorinated or a |

perfluorinated silane of formula RpSi(OR )4 or RpnSiXa:m,
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- ‘wherein

m is an ihteger from 1-4

R is a fluorinated or a perﬂuorinated Cs-Cis alk};l;

R; is a C;-Cy alkyl; and

X is a halogen.
Method according to claim 12, wh'erein‘the oleophobic molecules comprise a fluorinated or a
perfluorinated fatty acid of formuia RCOOH, :
wherein R is\a fluorinated or a perfluorinated Cs-Cig alkyl.

‘Method according to claim 12, wherein the oleophobic molecules comprise a fluorinated or a

. perfluorinated fatty acid chloride of formula RCOCI,

wherein R is a fluorinated or a perfluorinated C6-C13 alkyl.

Method acéording to any one of claims 10-17, wherein the plurality of particles is comprised
of titanium dioxide (TiOz), zinc oxide (Zn0), alurniniuni oxide (AL, O3), or cerium oxide
(CeOy).

Method according to any one of claims 1-18, wherein the plurality of particles comprises |

nanoparticles, sub-micron particles, or microparticles.
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