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Absorption and oxidation of NO in ionic liquids

Field of the invention
The present invention concerns the absorption and in situ oxidation of nitric
oxide (NO) in the presence of water and oxygen in ionic liquid compositions at

ambient temperature.

Background of the invention

Origin of NOy

NOx is a generic term for the various nitrogen oxides produced during combus-
tion. Nitrogen oxides are believed to aggravate asthmatic conditions, react with
the oxygen in the air to produce ozone, which is also an irritant, and eventually
form nitric acid when dissolved in water. When dissolved in atmospheric mois-
ture the result can be acid rain which can damage both trees and entire forest
ecosystems. Consequently, the sources of NOx emissions are now being sub-
jected to more stringent standards. In atmospheric chemistry the term NOyx
means the total concentration of NO, NO,, N2O, NoO3z and N2Os.

Nitrogen oxides can be formed during the combustion of nitrogen precursors in
the fuel, defined as fuel NOx, but also from the nitrogen in the air via two

mechanisms, one designated as thermal NOy, via the Zeldovich mechanism:

O+Nx—>NO+N
N+O, -NO+0O
N+OH—-NO+H

A~
—_\ A
WN =
N N

The other is designated as prompt NOx, where the nitrogen in air is fixed by
hydrocarbon radicals and subsequently oxidized to NOx [G. Léffler et al. Fuel,
vol. 85, pp. 513-523, 2006]:

N, + CH —HCN + N (1.4)
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Three primary sources of NOx formation in combustion processes are docu-
mented: Prompt NOx, fuel NOx and thermal NOx [C. S. Latta Plant Engineer-
ing, vol. 52 (10), pp. 105—-110, 1998]. Thermal NOx formation, which is highly
temperature dependent, is recognized as the most relevant source when com-
busting natural gas. Due to the break-up of the nitrogen triple bond (i.e. reac-
tion (1.1)), thermal NOx is primarily produced at high temperatures, usually
above 1200°C [H. Bosch et al. Catal. Today, vol. 46, pp. 233-532, 1988].

From a thermodynamic point of view, the reaction N> + O, —2NO is very unfa-
voured with an enthalpy of AH%gs k = -452 kJ [G. Busca et al. Catal. Today,
vol. 107-108, pp. 139-148, 2005]. Therefore it requires very high temperatures
to proceed at a reasonable rate. From a pure chemical equilibrium observation,
it is obvious that the formation of the various nitrogen compounds, Nz, N-O, NO
or NOy, is proportional with the oxygen partial pressure, due to the increasing
O/N ratio.

Another source of NOx production from nitrogen containing fuels, such as cer-
tain coals and oil, is the conversion of fuel bound nitrogen to NOx during com-
bustion. The nitrogen bound in the fuel is here released as a free radical and
ultimately forms free N, or NO, through the following reaction [G. Busca et al.]:

4NHs + 50, — 4NO + 6H,0 (1.5)

where the nitrogen containing compounds, like ammonia and amines, are oxi-
dized to NO. The reaction is thermodynamically highly favoured, with an en-
thalpy at AH s k = -452 kJ; although less favoured than the oxidation to No.
The amount of formed 'fuel NOx’ primarily depends on the amount of nitrogen
in the fuel, and also strongly influenced by the reactor design. In natural gas
(methane), nitrogen compounds are virtually absent, but substantial amounts of
nitrogen is present in the case of coal, gas oils and fuel oils as well as biofuels,

such as wood [Busca].
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Prompt NOx is generated when the fuel-to-air ratio is high where nitrogen radi-
cals formed in reaction (1.4) react with oxygen via reaction (1.2). The reactions
are almost non-temperature dependent, but the prompt NOx formed is negligi-

ble relative to thermal NOx.

Methods of Nitrogen Oxides Removal

The numerous possibilities to reduce NOx can be divided into three categories:
Precombustion, combustion modifications and post combustion [Latta]. The
precombustion strategy imply using alternative fuels with a lower content of
nitrogen species [Busca]. During combustion different types of modifications
can be utilized, of which the most used are: Low NOx -burners, reburning and
staged air combustion (thermal oxidation) [Latta]. A variety of other methods is
also possible in the combustion modification: Burners out-of-service, derating,
burner system modification, trim and diluent injection; all described by Latta.
Several post-combustion approaches are applied to reduce NOyx: SCR,
selective noncatalytic reduction (SNCR), adsorption, NOx recycle, direct
decomposition [Latta], photocatalytic oxidation [J. Dalton, et al Environmental
Pollution, vol. 120, pp. 415-422, 2002], multifunctional filter (removal of fly-ash
and NOx ) [D. Fino et al. Chem. Eng. Sci., vol. 59, pp. 5329-5336, 2004] and

pulse intense electron beam irradiation.

One of the most widespread technologies for removing NOx from flue gases is
the selective catalytic reduction (SCR) process employed in stationary sources
or power plants due to its efficiency and economy. The SCR process for remov-
ing nitrogen oxides is based on the reaction between NOx and ammonia:

o 4NO+4NH3+OQ—>4N2+6HQO (16)
o NO+NOQ+2NH3—>2N2+3HQO (17)

In a typical application, ammonia is injected into the NOx-containing gas and

the mixture is passed through a flow distribution system and one or several
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catalyst layers. The main components of an SCR DeNOx system include a re-
actor with catalyst and an ammonia storage and injection system.

Many different supports and catalytic metals are utilized for the SCR process,
but the vanadia/titania catalyst is traditionally applied because of its thermal
stability and resistance towards sulfur poisoning [N. Topsee et al J. Catal., vol.
151, pp. 226—240, 1995.].

The ammonia source can be either anhydrous ammonia, ammonia water or a
solution of urea. Because of its better performance ammonia is often utilized,
but due its poisonous character and difficult handling, urea can be used,

although not quite as effectively as ammonia.

The ammonia is evaporated and subsequently diluted with air or a flue gas side
stream before it is injected into the flue gas duct upstream the SCR reactor.
Direct injection of ammonia water or a urea solution is also possible. The SCR
process requires precise control of the ammonia injection rate and a homoge-
neous mixing into the flue gas to ensure efficient NOx conversion without an
undesirable release of unconverted ammonia referred to as ammonia slip. The

SCR process typically requires a temperature of about 350-400°C.

Urea is often used in mobile units, where e.g. the ammonia slip would be
avoided. Besides urea as an alternative to ammonia in the SCR process, it is
also possible to use hydrocarbons. The possibility for reducing NO with
hydrocarbons such as olefins and higher alkanes was first proposed in 1990
[Busca]. Hydrocarbon-SCR systems use hydrocarbons as the reductant. The
hydrocarbon may be present in the exhaust gas or it may be added to the
exhaust gas. This has the advantage that no additional reductant source (e.qg.
urea) needs to be carried on-board, but these systems cannot offer the
performance of ammonia-SCR systems. In stationary plants, methane is the
preferred choice for NOy removal from flue gases from power stations because

it is already present, at least in methane (natural gas)-fueled plants.
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Although the catalytic removal of NOx (nitrogen oxides, covering NO, N:O,
NO,) from the flue gas is a very effective process, the overall high operating
expenses of the SCR process and possibility of ammonia slip have motivated a

search for other methods to abate emissions of nitrogen oxides.

A different concept is presented by wet scrubbing systems for removal of SO»
and NOyx. Some aqueous scrubbing systems have been developed for the si-
multaneous removal of NOx and SO, [C.-L. Yang et al. Environmental Pro-
gress, 17, 80-85 (1998)].

The wet flue gas desulfurization (FGD) typically exhibits high SO, removal effi-
ciencies, but the FGD can only remove a small amount of NOx because about
90-95% in a typical flue gas is present as insoluble NO and only the remaining
5-10% NO. is water soluble. Attempts to oxidize NO to water soluble NO. have
been made by adding strong oxidizing additives, such as MnO4 and H»O,, but

the treatment cost involved herein has been too high for practical utilization.

Promising results of the simultaneous NO and SO, removal in a [Co(NH3)s]**
solution, which operates below 80°C, have been reported by Long et al. [X.-I.
Long et al., Industrial & Engineering Chemistry Research, 43, 4048-4053
(2004)].

Another approach for removing NO is the complexation of NO with Fe**-
chelates based on ethylenediaminetetraacetic acid (EDTA) or nitrilotriacetate
(NTA), as outlined in reaction 1.8 for the case of iron-EDTA complex [F. Ron-
caroli et al., Coordination Chemistry Reviews, 251,1903-1930 (2007)].

Fe"(EDTA) + NO == Fe'(EDTA)(NO)

(1.8)
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The metal-chelate can be electrochemically regenerated after absorption or
reduced by sulfite ions to sulfate and nitrogen [F. Gambardella et al., Industrial
& Engineering Chemistry Research 44, 4234—4242 (2005)].

In US6235248 a biotechnological approach to regenerate the iron-complex, the
so-called BioDeNOx process was described. In this process the NO-saturated
iron-chelate solution is brought in close contact with bacteria that regenerate
the iron-EDTA complex and convert the bound nitrosyl to No. The Fe'(EDTA)
solution needs to be somewhat diluted (concentration <200 mM) due to the

presence of microorganisms, which naturally limits the absorption capacity.

The above proposed technologies for NO removal are all associated with vari-
ous challenges such as: low capacity, large installation footprint, poor reaction
kinetics, hazardous stoichiometric reductants or oxidants, elevated reaction

temperatures and the requirement for specialized catalysts.

Many of the above proposed technologies are further based on liquids with a
vapour pressure, which means that the solvent to some extent vaporizes during
operation. One promising solution to this particular problem could be the use of
a relatively new class of solvents referred to as ionic liquids (ILs). The expres-
sion ‘ionic liquid’ in principle encompasses any liquid entirely composed of ions
(e.g. molten salts). However, within the context of this work the term will only be
used to describe materials which are liquid in their pure state at room tempera-
ture. This class of solvents is often considered as ‘green’ solvents because of
their immeasurably low vapour pressure. This feature gives the ILs an essential
advantage over traditional solvents used for absorbing gases. lonic liquids have
already demonstrated promising behaviour in a number of reactions where
gaseous reactants enter the IL solution (such as hydrogenation, hydroformyla-
tion, and oxidations) despite low gas solubilities of the gases in the IL at ambi-
ent conditions [J. L. Anthony et al. The Journal of Physical Chemistry B, 106.
7315-7320 (2002)].
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Another known application of ILs is to utilize them to separate gas mixtures.
Patent application WO 2007/101397 comprises gas purification processes and
mentions a broad range of ionic liquids as possible absorbers of many different
gasses, but does not provide any experimental evidence supporting these
propositions. WO 2007/101397 is merely a theoretical review since there is no
data evidencing how the ionic liquids work. Recently, a promising solid ionic
cation (1,1,3,3-tetramethylguanidinium) has been identified for the absorption of
SO; [J. Huang et al., Journal of Molecular Catalysis A: Chemical, 279, 170-176
(2008)]. Anthony et al. [J. L. Anthony et al., The Journal of Physical Chemistry
B, 106, 7315—-7320 (2002)] reported of the solubilities of a number of gases
(such as CO,, CO, O,) in imidazolium-based ILs.

lonic liquids tend to be more viscous compared to conventional solvents, how-
ever, which can result in challenges regarding the mass transfer of gas into the
IL. In the case of low-soluble gases, the mass transfer into the IL will likely be a
rate limiting step, which can be minimized by increasing the interfacial gas-IL
area and/or use high pressure systems [J. L. Anthony et al., The Journal of
Physical Chemistry B, 106, 7315—7320 (2002)].

So far, only limited information regarding the gas solubilities in ILs has been
reported. Besides the reports regarding CO, capture, the focus of most work
revolves around the reactions taking place in the IL with the gas already ab-
sorbed. Only few reports exist on gas solubilities [J. L. Anthony et al., The
Journal of Physical Chemistry B, 106, 7315-7320 (2002); J. L. Anderson et al.,
Accounts of Chemical Research, 40, 1208-1216 (2007)]. The Brennecke group
has, e.g. contributed with a number of seminal studies on absorption of a num-
ber of gases in imidazolium-based ILs [J. L. Anthony et al., The Journal of
Physical Chemistry B, 106, 7315—-7320 (2002); J. L. Anderson et al., Accounts
of Chemical Research, 40, 1208—-1216 (2007); J. L. Anthony et al., The Journal
of Physical Chemistry B, 105, 10942—-10949 (2001); J. L. Anthony et al., The
Journal of Physical Chemistry B, 109, 6366—6374 (2005)].
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Consequently, there is still a need for developing efficient processes for remov-
ing NOx, and specifically the most abundant NOx component NO, from flue
gasses from not only large stationary sources like power or incineration plants,
but also from mobile emission sources like, e.g. commercial marine vessels
which require a small installation footprint, low energy consumption and prefer-

ably no carrying of hazardous chemicals.

Summary of the invention

The original focus of the present work was on studying the selective absorption
and desorption behaviour of nitric oxide (NO) in ILs based on N-heterocyclic
cations capable of forming carbenes, e.g. the cations 1-ethyl-3-methyl-
imidazolium ([EMIM]™) and 1-butyl-3-methylimidazolium ([BMIM]*) with different
counterions (anions). This initial work is disclosed in PCT/EP2011/060064.

However, when the absorption phenomenon was closer investigated, it was
surprisingly found that when the absorption of nitric oxide (NO) takes place in
presence of atmospheric oxygen and small amounts of water, NO is not only
absorbed in the IL but also converted very rapidly into nitric acid (HNOs3),
requiring no further oxidant than the oxygen present in the gas stream and no
further water than that present in the gas stream and/or present in trace
amounts in the IL. The reaction runs surprisingly fast even at room tempera-
ture. Several other ionic compounds like 1,1,3,3- tetramethylguanidinium chlo-
ride ([TMGH]-CI) and choline chloride could also be used, which meant that the
original limitation to N-heterocyclic cations capable of forming carbenes was
not relevant. NO is thus converted rapidly to HNO; in all the liquid ionic compo-
sitions tested, and some of these compositions additionally have a high capac-
ity for storing the formed HNO3s which under certain conditions is an added ad-
vantage. A storage capacity of around 1 mole HNO3 per mole ionic compound
was observed in most cases; however in some cases for very hydrophobic lig-
uid ionic compositions the storage capacity was lower than 1 mole HNOs; per

mole ionic compound even though the reaction rate remained very high, and for
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other ionic compounds which contained additional structural elements suitable

for complexation with HNOs, a higher storage capacity was observed.

The present invention in a first aspect provides a method for capturing nitric
oxide (NO) from gasses containing more than one gaseous compound, which
method comprises:
a. absorbing said NO in a liquid ionic composition in the presence of
oxygen and water,
b. reacting the absorbed NO with oxygen and water to form nitric ac-
id which accumulates in the liquid ionic composition,
c. optionally removing the formed nitric acid from the liquid ionic
composition solution by increasing the temperature and/or de-

creasing the pressure,

wherein said liquid ionic composition comprises one or more ionic com-

pounds, optionally admixed with a non-ionic solvent.

The present invention in a second aspect provides a method for producing
nitric acid (HNOs) from nitric oxide (NO), which method comprises absorbing
said nitric oxide (NO) in a liquid ionic composition in the presence of oxygen
and water, whereby said nitric oxide (NO) is converted into nitric acid (HNO3).

The present invention in a third aspect provides a method for the preparation
of anhydrous solutions of nitric acid in a liquid ionic composition, which method
comprises absorption of NO and/or NO, in said liquid ionic composition fol-
lowed by conversion to HNOg3, according to the first or second aspect of the

present invention.

The present invention in a fourth aspect provides the use of an ionic composi-
tion as defined in the present application for capturing nitric oxide (NO) from

gasses containing more than one gaseous compound.



10

15

20

25

30

WO 2013/079597 PCT/EP2012/073969
10

The present invention in a fifth aspect provides the use of an ionic composition
as defined in the present application absorbed on a porous carrier and used in
the form of a supported ionic liquid phase (SILP) material for capturing nitric

oxide (NO) from gasses containing more than one gaseous compound.

Figures
Figure 1: A sketch of the SILP concept.

Figure 2: A comparison of the data collected for the three studied supports,
showing the development in NO concentration over the first 30 minutes of reac-
tion, SiO, refers to the calcined silica SILP. The total amount of IL in each SILP
was 1.5 g for SiO,, 1 g for TiO, and 1.1 g for Carbon. All absorptions were con-
ducted at 40 C, with a gas composition of 2000 vppm NO and 2000 vppm of
water. For the carbon SILP, the flue gas was saturated with water.

Figure 3: An overview of the continuous flow setup used to test SILP material.

Figure 4: Example of gas UV-spectrum (crosses) deconvoluted with Gaussian

functions

Figure 5: An illustration of the setup used for measuring NOy absorption on the
ATR-FTIR. The setup was used to pass simulated flue gas over a thin film of IL.
The instrument is heatable, making it possible to vary the temperature for the

measurements.

Figure 6: An illustration of the setup that allows good contact between a solid
SILP sample and the ATR crystal while controlling the environment around the
sample. The set-up directly allows in-situ ATR-FTIR measurements on SILP
systems.

Figure 7: ATR-FTIR spectra of [BMIM]NO; before and after reaction with a flow

of 8 ml/min moist air (generated by bubbling through water) mixed with 10 vol%
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NO in nitrogen. After reaction the sample was heated to 120°C under a flow of

moist air until steady state was reached.

Figure 8: Mixtures of nitric acid and [BMIM]NOs - 1.12 and 2.14 mol nitric acid
per mol [BMIM]NO3, respectively.

Figure 9: [BMIM]NO; exposed to a stream of Argon saturated with water. The
flow was then switched to 30 min 10 vol% NO in nitrogen. After 10 min the
sample was re-saturated with water for 1 minute. Then the flow was changed

back to 10 vol% NO in nitrogen for another 20 minutes.

Figure 10: Selected ATR-FTIR spectra of [BDMIM]NO3 before and after reac-
tion with a flow of 8 ml/min moist air (generated by bubbling through water)
mixed with 16 mL/min 10 % NO in nitrogen. After reaction the sample was

heated to 120°C under a flow of moist air until steady state was reached.

Figure 11: Quantitative estimates of nitric acid evolution in 5 ionic liquids from
deconvolution of ATR corrected spectra using the spectra in figure 2 as refer-
ences. Values from experiments using [BDMIM]NO3; and [BMIM] CI were esti-
mated from the peak around 940 cm™ using the raw ATR corrected spectra.
For the reaction using [EMIM]OTT, the spectra of pure [EMIM]OTf was sub-
stracted. This reference was then further calibrated with the peak at around
1650-1665 cm™. In the experiments with choline acetate, the conversion of
acetate to acetic acid was assessed using the peak at around 1570 cm™ (car-

boxylate C-O stretching).

Figure 12: Selected ATR-FTIR spectra of [BMIM]CI before and after reaction
with a flow of 8 ml/min moist air (generated by bubbling through water) mixed
with 16 mL/min 10 vol% NO in nitrogen. After reaction the sample was heated
to 120 °C under a flow of moist air until steady state was reached.
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Figure 13: Selected ATR-FTIR spectra of [EMIM]OTf before and after reaction
with a flow of 8 ml/min moist air (generated by bubbling through water) mixed
with 16 mL/min 10 vol% NO in nitrogen. After reaction the sample was heated

to 120 °C under a flow of moist air until steady state was reached.

Figure 14: Selected ATR-FTIR spectra of [BMIM]Tf2N before and after reaction
with a flow of 8 ml/min moist air (generated by bubbling through water) mixed
with 16 mL/min 10 vol% NO in nitrogen. After reaction until steady state the
sample was heated to 80 °C under flow of moist air until steady state was

reached.

Figure 15: Selected ATR-FTIR spectra of choline acetate before and after re-
action with a flow of 8 ml/min moist air (generated by bubbling through water)
mixed with 16 mL/min 10 vol % NO in nitrogen. After reaction until steady state
the sample was heated to 120°C under flow of moist air until steady state was

reached.

Figure 16: Selected ATR-FTIR spectra of choline nitrate prepared in situ from
choline acetate. The figure shows choline nitrate before and after reaction with
a flow of 8 ml/min moist air (generated by bubbling through water) mixed with
16 mL/min 10 vol% NO in nitrogen. After reaction until steady state the sample

was heated to 120 °C under a flow of moist air until steady state was reached.

Figure 17: Selected ATR-FTIR spectra of a melt of [TMGH]CI and water. Be-
fore and after reaction with a flow of 8 ml/min moist air (generated by bubbling
through water) mixed with 16 mL/min 10 vol% NO in nitrogen. After reaction
until steady state the sample was heated to 200 °C under a flow of moist air
until steady state was reached.

Figure 18: The cations used in this study as non-limiting examples.
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Figure 19: Spectrum of NO: in the spectral region used for analysis, the con-

centration was 1000 ppm with respect to NO..

Figure 20. Spectral data obtained while bypassing the reactor at flow velocities
of 50 and 150 ml/min, with a gas composition of 2000 vppm H:O.

Figure 21: Selected spectral data, showing the spectral development over time
for the uncalcined SILP. The gas composition used was 900 vppm of water and
2000 vppm NO.

Figure 22: Selected spectral data, showing the development over time for the
dried, uncalcined silica SILP. The concentration of NO, rises quickly after the
immediate absorption, but seems to reach a more steady concentration after 30

min.

Figure 23: Development of the concentrations over time for the uncalcined sili-
ca SILP, the NO, concentration has been determined by deconvolution and
appears to be much higher than 2000 vppm, this suggests that the NO, band at

this end of the spectrum cannot be used for quantitative determination.

Figure 24: Selected spectra from the 27th absorption cycle of the calcined sili-
ca SILP, at room temperature with a NO concentration of 2000 vppm and a

water concentration of 1500 vppm.

Figure 25: Development of the NO concentration over time for the same expe-

riment as shown in figure 26.

Figure 26: Development of NO concentration over time for the calcined silica
SILP, at temperatures ranging from room temperature to 60°C.
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Figure 27 a and b: Selected spectra from the 24 h experiments of the silica
SILP. The spectra in Figure 27 a were obtained after desorbing in flue gas, and

the spectra in Figure 27 b were obtained after desorbing in a clean gas stream.

Figure 28: Development of NO concentration over time, after desorption with
and without NO present.

Figure 29: Selected spectral data obtained for the carbon SILP, at 4000 vppm
of water and 2000 vppm NO.

Figure 30: Selected spectral data obtained for the carbon SILP in a flue gas of
2000 vppm NO, saturated with water at room temperature, giving a water con-
centration of around 25000 vppm.

Figure 31: The development of the NO concentration over time for the carbon

SILP, in a flue gas consisting of 2000 vppm of NO which was water saturated.

Figure 32: Selected spectral data for the flue gas passed over an anatase
SILP, the gas composition was 2000 vppm NO and 1500 vppm water. There is
no observable signal for the missing spectra.

Figure 33: Development in NO concentration over the first 15 min of the ab-

sorption for the anatase SILP.

Figure 34: Spectra obtained after 10 minutes of exposure, at all 4 tempera-
tures for the anatase SILP. The spectra obtained at 110°C and 120°C are com-

pletely identical.

Figure 35: Development in NO concentration over the first 10 minutes at differ-
ent temperatures for the anatase SILP.
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Figure 36 a and b: Selected spectral data for the anatase SILP obtained dur-
ing absorption, following desorption in gas without NO (figure 36 a) and with
NO (figure 36 b).

Figure 37: Development of the NO concentration during the first 90 minutes of

the experiment, where after no significant alterations are shown.

Figure 38: In-situ ATR-FTIR spectra of the calcined Silica SILP. The spectra

were obtained over a 12 hour span.
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Detailed description of the invention
The present invention in a first aspect provides a method for capturing nitric
oxide (NO) from gasses containing more than one gaseous compound, which
method comprises:
a.absorbing said NO in a liquid ionic composition in the presence of
oxygen and water,
b.reacting the absorbed NO with oxygen and water to form nitric acid
which accumulates in the liquid ionic composition,
c.optionally removing the formed nitric acid from the liquid ionic
composition solution by increasing the temperature and/or de-
creasing the pressure,
wherein said liquid ionic composition comprises one or more ionic com-

pounds, optionally admixed with a non-ionic solvent.

The absorption of NO and its further conversion to HNO3 in a number of differ-
ent liquid ionic compositions was investigated comprising one or more of the

cations presented in Figure 18.

The present invention thus in a preferred embodiment provides a method com-
prising a liquid ionic composition which comprises a cation having the following

structure:

R5 I:{14\+

R
R1 )\ R2 | R )\
\Né@ fN/ R,—N—Rg 13\ /

F{12 RH
R3 R4
Imidazolium ion Ammonium ion Guanidinium ion
Ry7 Rao
|+ |+
R16_T Rig——P—Ry;,
R18 R22
Sulfonium ion Phosphonium ion

wherein
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e R1, R2, R3, R4, R5, R6, R7, R8, R9, R10, R11, R12, R13, R14, R15, R16,
R17, R18, R19, R20, R21 and R22 can be, independently, hydrogen, alkyl,
halogenated alkyl, aminoalkyl, hydroxyalkyl, alkoxyalkyl, alkenyl, alkynyl,
aryl, heteroaryl, cycloalkyl, cycloalkenyl, heterocycloalkyl, or heterocycloal-
kenyl;

e the positively charged P, N and S atoms may individually be part of hetero-
cyclic or heteroaromatic structures by letting:

o two of R20, R21, R22, R23, e.g. R21 and R22 be fused such that a
cyclic phosphonium ion is formed, or

o by letting two of R6, R7, R8, R9 eg. R6 and R7 be fused, such that
a cyclic ammonium ion is formed, such as a pyridinium ion, or,

0 by letting two of R11 and R12, R13 and R14, R15 and R10,eg.
R11 and R12 be fused, such that a cyclic guanidinium ion is formed, or,

0 by letting two of R16, R17 and R18 eg. R16 and R17 be fused,

such that a cyclic sulfonium ion is formed,

optionally one or more cations selected from inorganic cations such as Li*, Na*
and K*, and

one or more anions selected from C+-Cs alkanoates such as acetate, arylcar-
boxylates such as benzoate, Ci-Cs alkylsulfates such as ethyl sulfate, C+-Ce
alkylsulfonates, C+-Ce perfluoroalkylsulfonates such as triflate, C4-Cs perfluo-
roalkanoates such as trifluoroacetate, C4-Ce perfluoroalkylsulfonimides such as
bis(trifluoromethylsulfonyl)imide (triflic imide), tetrafluoroborate, hexafluoro-

phosphate, sulfate, nitrate and halides such as chloride or bromide.

The present invention in a second aspect provides a method for producing
nitric acid (HNOs) from nitric oxide (NO), which method comprises absorbing
said nitric oxide (NO) in a liquid ionic composition in the presence of oxygen
and water, whereby said nitric oxide (NO) is converted into nitric acid (HNO3).
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The present invention in a third aspect provides a method for the preparation
of anhydrous solutions of nitric acid in a liquid ionic composition, which method
comprises absorption of NO and/or NO» in said liquid ionic composition fol-
lowed by conversion to HNO3, according to the first or second aspect of the

present invention.

As can be seen from Table 2, nitrate and chloride-based ionic liquids have the
highest storage capacity for HNOs3, whereas the anions having a lower Lewis
basicity (triflate and triflic imide) led to much lower storage capacities, but only
slightly lower or unchanged reaction rates.

In a preferred embodiment the present invention provides a method for selec-
tively separating NO gas from gasses, e.g. flue gasses comprising absorbing
NO by use of a ionic liquid (IL) comprising a N-heterocyclic cation having the
following structure:

RS

R )\ R
RO
R3 I:{4

Imidazolium ion

wherein R1 and R2 are individually selected from C1-C8 alkyl groups or aryl
groups, and wherein R3, R4 and R5 are individually selected from hydrogens,
C1-C6 alkyl groups or aryl groups or wherein R3 and R4 together with the imi-
dazolium group may form a 4- to 6-membered saturated, unsaturated or aro-
matic ring, which may further contain up to three hetero atoms selected from
oxygen, nitrogen and phosphorus.

In a further specific embodiment the cation is selected from 1-ethyl-3-
methylimidazolium ([EMIM]®), 1-butyl-3-methylimidazolium ([BMIM]*) or 1-butyl-
2,3-dimethyl-imidazolium ((BDMIM]").
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In a specific embodiment of the invention a method is provided according to the
first aspect of the invention, wherein said IL further comprises one or more
anions selected from C4-Ce alkanoates such as acetate, arylcarboxylates such
as benzoate, C4-Cg alkylsulfates such as ethyl sulfate, C+-Cs alkylsulfonates,
C+-Cs perfluoroalkylsulfonates such as triflate, C4-Ce perfluoroalkanoates such
as trifluoroacetate, C1-Cs perfluoroalkylsulfonimides such as bis(trifluoromethyl-
sulfonyl) imide (triflic imide), tetrafluoroborate, hexafluorophosphate, sulfate,

nitrate and halides such as chloride or bromide.

In a specific embodiment the IL is selected from 1-ethyl-3-methylimidazolium
([EMIM]*) acetate, 1-butyl-3-methylimidazolium ([BMIM]*) acetate, 1-butyl-3-
methylimidazolium ([BMIM]*) nitrate, 1-ethyl-3-methylimidazolium ([EMIM]")
triflate, 1-butyl-3-methylimidazolium ([BMIM]*) triflate, 1-butyl-2,3-dimethyl-
imidazolium ([BDMIM]*) nitrate, choline chloride, choline nitrate or mixtures

thereof.

In a particular embodiment the liquid ionic composition comprises an anion

which is basic.

In a particular embodiment the comprised anion is nitrate (NOs").

In a particular embodiment the comprised anion is chloride (CI').

In a particular embodiment the comprised anion is acetate (OAC’).

In a further embodiment the comprised anion is triflate (OTf).

In a further embodiment the comprised anion is triflic imide (TfaN").

In a particular embodiment the liquid ionic composition comprises [BMIM]OTT.



10

15

20

25

30

WO 2013/079597 PCT/EP2012/073969
20

In a particular embodiment the liquid ionic composition comprises [BMIM]OAc.

In a further specific embodiment Ry and R, are individually selected from C;-

Cie alkyl groups or aryl groups.

In another specific embodiment Ry and R» are individually selected from C4-Cs»

alkyl groups or aryl groups.

In a yet another specific embodiment Ry and R; are individually selected from
C1-Ce alkyl groups or aryl groups.

In an embodiment of the invention a method is provided for desorption of the

absorbed HNO3 from the liquid ionic composition by reducing the pressure.

In a further aspect the invention also concerns the use of an IL where said cap-
tured HNO; is desorbed from the liquid ionic composition by increasing the

temperature.

Preliminary examination of the absorption of N2 in [BMIM]JOAc was also under-
taken. This did not result in any measurable weight increase, from which it can
be concluded that only NO is absorbed when passing NO/N. through the
[BMIM]OAC.

The present invention in a fourth aspect provides the use of an ionic composi-
tion as defined in the present application for capturing nitric oxide (NO) from

gasses containing more than one gaseous compound.
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Supported lonic Liquid Phase (SILP) materials

Supported lonic Liquid Phase (SILP) materials consist of an ionic liquid distrib-
uted over a porous support material with a high surface area. SILP materials
are particularly practical for reactions involving gas phase reactants and may
be used as catalysts, where the ionic liquid is the catalytically component itself
or is used to dissolve catalytically components in the ionic liquid phase, or as
gas absorbers. Since most ILs are highly viscous, simply bubbling a gaseous
reactant through the liquid leads to an insufficient substance transport over the
phase boundary due to the large bubble size. The SILP formulation eases dif-
fusion, since the available surface area becomes much larger. A schematic

illustration of the SILP concept is found in Figure 1.

The absorption of NO and its conversion to HNO3 was investigated in a number
of Supported lonic Liquid Phase (SILP) absorber compositions. As examples of
porous carrier materials three different support materials were investigated:
Silica (Saint-Gobain, SS611138), Anatase (Saint-Gobain, ST 31119) and
Carbon (Cabot, Black Pearl 1400). The porous support material was crushed

and fractioned to obtain particles of sizes from 180 - 355 um.

In the case of the silica two SILP absorbers were prepared; one using the frac-
tionated silica “as is” and one using calcined silica. The fractioned silica was
calcined at 500 °C for 20 hours, and cooled to room temperature in a desicca-
tor. The pore volume and specific area of the support material was determined
by BET (see Table 1).

Support Surface area (m*/g) Pore volume (m?/g)

Silica 251 0.93
Anatase 150 (1.3%
Carbon H&() 0.71

Table 1: BET measurements for the different supporting materials used.
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To prepare the SILP absorbers a volatile solvent was added in excess to the
pure support material; methanol for anatase and dichloromethane for both sili-
cas and for the carbon. An amount of IL corresponding to a pore volume filling
of 25-30 % was weighed and added to the mixture under stirring. The volatile
solvent was then evaporated slowly under reduced pressure to obtain a good
distribution of IL on the surface of the support material.

Support materials and their role

.A comparison of the supports based on the obtained results, can be found in
figure 2. Here the uncalcined silica SILP is excluded, also it has to be taken into
account that the amount of IL in the calcined silica SILP is 50% larger than for

the carbon and anatase SILPs.

Based on these results it is evident that the anatase and calcined silica SILPs
are far superior to carbon SILP which may be attributed to the hydrophobic
properties of carbon. The uncharged surface of the carbon may further hinder
the full dispersion of the IL. This suggests that the support material should have
either acidic or basic properties in order to induce proper dispersion of the IL on

the surface of the SILP material.

The present invention thus in a fifth aspect provides the use of an ionic com-
position as defined in the present application absorbed on a porous carrier and
used in the form of a supported ionic liquid phase (SILP) material for capturing

nitric oxide (NO) from gasses containing more than one gaseous compound.

In a preferred embodiment the carrier is a mesoporous material which may be
selected from highly porous carrier materials such as SiO,, Al,O3, TiO,, CeOy,

ZrO,, carbon or a combination of two or more of these.
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In a specific embodiment of the invention the porous carrier according to the
fifth aspect of the invention is anatase TiO..

In another specific embodiment of the invention the porous carrier according to

the fifth aspect of the invention is calcined SiO..

In yet another embodiment of the invention a method is provided according to
the first aspect of the invention, wherein the IL is absorbed on anatase TiO, and

used in the form of a supported ionic liquid phase (SILP) material.

In another specific embodiment of the invention a method is provided according
to the first aspect of the invention, wherein the IL is absorbed on calcined SiO,

and used in the form of a supported ionic liquid phase (SILP) material.

In a another embodiment of the invention a method is provided according to the
first aspect of the invention, wherein the IL is absorbed on a porous carrier and
used in the form of a supported ionic liquid phase (SILP) material, which after
absorption of NOx may regenerated by heating and re-used with no apparent

loss of activity.

In specific embodiments the gasses according to the first, fourth or fifth aspect
is a flue gas originating from large stationary sources like power or incineration

plants or cement production plants.

In other specific embodiments the gasses according to the first, fourth or fifth
aspect is a flue gas originating from mobile emission sources like e.g. commer-
cial marine vessels or mobile incineration plants for incineration of eg. domestic
or industrial waste, which typically require a small installation footprint, low

energy consumption and preferably no carrying of hazardous chemicals.

Throughout the present application, if not otherwise specified, ‘incineration

plant’ shall mean any stationary or mobile technical unit and equipment dedi-
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cated to the thermal treatment of wastes with or without recovery of the com-
bustion heat generated. This includes the incineration by oxidation of waste as
well as other thermal treatment processes such as pyrolysis, gasification or
plasma processes in so far as the substances resulting from the treatment are

subsequently incinerated.

The conversion capacities of NO to HNO3 in the liquid ionic compositions re-
ported here reveal a promising system for NO scrubbing of dust-free tail-end
gases, not requiring the addition of reductant such as ammonia or urea. Since
no additive is needed to reduce the NO in the gas stream, the complexity of the
NO removal system is somewhat reduced compared to the NH3-SCR process.
Assuming that the selectivity toward NO sorption and oxidation is sufficiently
high, it opens new possibilities of NO removal. The captured NO could easily
be removed as HNO3; by increasing the temperature (temperature swing), as
observed previously. Transport of the HNOgs-saturated IL (i.e. by exploiting the
differences in viscosity) or the SILP particles to another container or location
followed by desorption of HNO3; would enable the NO gas to be used in a ‘from

waste to value’ concept.

The conditions at the Electrabel’'s Langerlo Power Station in Belgium [J. J. van
Ormelingen et al., Combined Power Plant Air Pollutant Control MEGA Sympo-
sium, Washington, DC, USA (2003)] can be used as an example for consider-
ing the implementation of an IL scrubber based on the reversible liquid ionic
compositions system. Here, the removal of 1000 vppm NO under a total flow of
820,000 Nm>/h would only require an effective IL volume of less than 10 m°h
to remove all the incident NO. Even though the mass-transfer issue is not con-
sidered here (which is expected to be minimized by using the SILP technology),
the IL-volume is considerably lower than the SCR catalyst volume of 268 m>,

NO removal in mobile units, such as commercial marine vessels and mobile
incineration units for eg. domestic or industrial waste represent other relevant

examples for considering the implementation of an IL scrubber based on the
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reversible liquid ionic compositions system of the present invention because of
the much less hazardous reaction conditions, lower reaction temperatures and

smaller projected installation footprint.

One of the major drawbacks of the conventional catalysts for deNOx is deacti-
vation, which over time reduces the amount of NOx the catalyst can remove.
For instance the vanadia-titania based catalyst (TWC) used for SCR is poi-
soned by potassium, which causes a dramatically drop in activity. This is espe-
cially a severe problem when biomass such as straw is used as fuel. The high
chlorine and potassium content of the straw causes the activity to drop to less
than 20 % of the initial activity within the first 2000 operating hours. This is a
drawback as it prevents direct use of fast growing biological material in the
power plants, due to the high content of chlorine and potassium from salts and
fertilizer. Also these biological fuels contain higher amounts nitrogen, which
gives rise to an increased amount of fuel and prompt NOx. The SCR catalysts
are only slightly deactivated when light fossil fuels are used. The deactivation
is, however, significant for heavy fuel oil of the type used in maritime transport,

which indicate that there is room for improvement in this segment.

Deactivation of the TWC is also an issue; many factors influence the deactiva-
tion of these catalysts such as heavy metal poisoning, mechanical degradation
(crushing and attrition) and thermal degradation. Many efforts are being made
in order to prolong the lifetime of the commercial TWC, among which preven-

tive coating and trapping of the poisoning agents can be mentioned.

Very often, fuels containing alkali metals as well as earth alkali will also contain
significant amounts of alkali metals as well as earth alkali in the resulting flue
gases upon incineration or burning. Fossil fuels, such as oil, natural gas and
coal contain lower amounts of alkali metals and earth alkali metals. Waste,
such as waste burned in waste incineration plants contains high levels of alkali
metals as well as earth alkali metals. Biomass or biomass fuel such as straw,

woodchips and wood pellets contain very high levels of alkali metals, especially
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K, as well as earth alkali metals. In the case of fly ash from burning straw, alkali
metals and earth alkali metals can comprise as much as half of the total weight
of the fly ash. Flue gases stemming from the incineration of biomass fuel typi-
cally contain about 200-1000 mg KCI/Nm?®, whereas incineration of coal only
leads to ppm levels of KCI.

Experimental

General setup

UV-Vis spectroscopy

UltraViolet-Visible spectroscopy was used to interpret the data collected. The
background sample was obtained in a flow of air. The concentration of NO and
NO, are of interest when interpreting the collected data. Both species have sig-
nificant absorption bands in the Ultra-Violet part the spectrum. NO has 3 sharp
absorption bands between 250 and 200 nm; the first at around 227 nm. This
band is quantifiable, and has been the main way to quantify NO concentration
in the outlet gas. Also NO» has a very broad band peaking around 214 nm, NO,

also has another broad band around 400 nm.

The data obtained from the UV-Vis spectrometer has been used to determine

the concentrations of NO and NO, by deconvoluting each of the spectra with
several Gaussian functions (one for each peak, also the NO, peak), and then
integrating these functions in order to determine the area of the peaks. The de-
convolution has been done using Gnuplot4 and an example of a deconvoluted

spectrum is shown in figure 4.

In-situ ATR-FTIR spectroscopy

The experimental setup used for the in-situ ATR-FTIR is shown in the figure 5.
The FT-IR Measurements was performed on a heatable diamond ATR plate
(Pike GladiATR) using a Nicolet iS5 spectrometer. In order to control the at-
mosphere over the ionic liquid film on the ATR crystal, a stainless steel cap
with a heat resistance polymer sealing was constructed. The steel cap was

supplied with two fittings of in- and outlet gas. The inside volume of the cap
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was approximately 2 millilitre (mL). The ATR cell could be heated up to 300 °C.
In the first three examples 8 scans with a resolution of 4 cm™ was used to re-
cord each spectrum. The duration of each recording was 11 seconds under
these conditions. In the later examples, the number of scans was decreased to
4 |lowering the recording time to 6 seconds. The spectra were ATR corrected

using OMNIC Lite software, assuming a refractive index of 1.5.

The iS5 spectrometer as well as the base optics in the Pike ATR cell was
purged with nitrogen in order to minimize loss of the signal to gas phase water

and carbon dioxide inside the instrument.

Gases used: Argon 99.999%, Nitrogen 99.99999%, 10 vol% nitrogen oxide in
nitrogen, and pressurized air. Gases used for the experiments were purchased
from AGA. The gas flow was controlled with Bronkhorst mass flow controllers.
In experiments with water in the gas, air or argon was bubbled through a glass
frit in a flask with distilled water. The resulting water content in the gasses after
saturation was calculated to 2.7 vol% from the vapor pressure at room tem-

perature.

Deconvolutions of the ATR-IR spectra were performed with Systat Peakfit 4.12
software using the build in “Residuals” Algorithm. The typical procedure was to
fit the steady state spectra with Gaussian curves allowing both width and posi-
tion of each peak to move. When a good deconvolution was made on the
steady state spectra the peak parameters obtained from this deconvolution was
saved and used for the next spectra. Now both position and width of each peak
was constrained, so only the intensity of the peaks was changed during the
following deconvolutions. The concentration of HNO3; was determined either
from integration of the band around 1650 or 940 cm™ after deconvolution. In
the case of water in [BMIM]CI the broad band at 3400 cm™ was used. To make
an absolute estimate of the HNO3; concentration a standard solution was pre-
pared with concentrated nitric acid (68 vol%) in [BMIM]NO3. The spectra of the
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standard solution were fitted using the same peak parameters as for the steady

state spectra.

When analyzing the SILP materials, a slightly modified version of the cap
shown in figure 5 was used. The modified version contained a built-in pressure
plate to create an even surface.. An illustration of the device is shown in figure
6. This setup makes it possible to conduct in-situ measurements of the surface
of the SILP while absorption of NO is occurring, which in turn makes it possible
to determine the changes in the chemical composition on the surface. All ATR-
FTIR spectra were ATR corrected using OMNICS8, assuming a refractive index
of 1.5.

An experimental procedure to measure the NO absorption capacity by weight
increase in the ILs can also be employed, wherein preliminary gas absorption is
carried out in a ca. 5 ml test tube with 1 ml ionic liquid (IL) at room temperature
(22—23°C). The 10 vol% NO/N, gas mixture is introduced into the IL through a
glass Pasteur pipette retrofitted with a glass frit to reduce the bubble size and
increase the gas-liquid contact area (interfacial area). The flow is maintained at

around 5 ml/min to contain the bubbles formed within the test tube.

The absorption of NO is monitored in real time by logging the weight increase
with a PC interfaced with the microbalance (accuracy 0.1 mg). However, to
avoid balance drifting, the absorption results are supplied by measuring the
total weight of the test tube with IL and pipette before and after NO absorption.
Any increase in weight of the sample after NO exposure is attributed to the ab-
sorption of NO and subsequent conversion to HNO3 and variations in the water

content of the sample.

The weight increase is in all cases given as the fractional molar increase, de-

fined in equation A.1.
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n,,
NO ™ o, +n
INo + 1y,

A Metrohm Titrando 835 Karl Fisher titration instrument was used to determine
the water content on four samples with water in 1-butyl-3-methyl-imidazolium
chloride (Aldrich 99%) used for the standard curve for water. The concentra-

tion was determined as the mean value of 3 titrations.

SILP testing

For testing of the prepared SILP absorbers, a reactor was loosely packed. The
reactor consisted of a stainless steel tube, with a grid and an inside diameter of
8mm. The reactorwas placed in an oven and insulated in order to control the
temperature. The reactor was packed by positioning quartz wool on top of the
grid, followed by the the SILP material, which was loosely packed. A simulated
flue gas was passed through the reactor; the composition of the flue gas could

be varied using a Bronkhorst mass flow controller.

The flue gas was composed of three individual streams: dry atmospheric air
(passed through a drying filter), dry atmospheric air bubbled into water through
a frit in order to water saturate the stream, and 1vol% NO in Helium provided

by AGA. All tubing was done using Swagelock components.

The outlet of the reactor was connected to a UV-VIS spectrometer equipped
with a gas cuvette of length 10cm. To avoid condensation, the cuvette was
heated throughout the experiments to 100 degrees. A thermometer was
mounted just above the SILP absorber to measure accurate temperatures in
the reactor during the experiments. A schematic illustration of the used setup is

shown in figure 3.

The main focus in testing the SILP has been to demonstrate that there is sig-
nificant absorption of NO and to determine the effect of temperature changes,

and changes in flue gas composition. The total flow speed through the reactor
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has been set at 50 ml/min; this has been kept constant through all experiments.
The concentration of NO has been kept constant at 2000 vppm through most of

the experiments.

Regeneration/desorption of the SILP absorber

The nitric acid formed during the absorption can be desorbed, regenerating the
SILP absorber. Various methods for desorption have been tested at various
temperatures and various gas compositions. The typical method used for de-
sorption has been raising the temperature in the reactor to 120 °C and increas-
ing the flow rate to 150 ml/min using a mix of wet and dry air, typically in a ratio
around 1/1. Upon temperature variation the rate of desorption seems to be de-
pendent on the temperature up to an immeasurable difference is reached
around 120 °C. Here desorption occurs very rapidly and the SILP absorber is
completely regenerated within a few minutes or shorter. A sorption cycle for the
SILP materials corresponds to a cycle where the absorber first has been fully

absorbed and then desorbed.

Example 1: Reaction of NO and water over 1-butyl-3-methylimidazolium
nitrate in presence of oxygen
1-Butyl-3-methylimidazolium nitrate 95 % (Fluka) was used ([BMIM]NO3). A thin

liquid film was applied on the ATR diamond plate (Pike GladiATR) at room
temperature and the sealed steel cap was placed on top of the sample. A flow
of air saturated with water (8 mL/min) was passed over the sample and the first
spectrum was recorded, see Figure 7. A flow of 10 vol% NO in Nz (AGA) was
added to the gas flow, and spectra were continuously recorded using 8 scans
on a Nicolet iS5 spectrometer (duration of 11 seconds) until steady state was
obtained (see Figure 7). The spectra were ATR corrected using OMNIC Lite
software, assuming refractive index of 1.5. The spectra showed a rapid reaction
consuming all water since the characteristic line at 3500 cm™ disappeared.
Several new bands appeared. A comparison with the spectra of Figure 2 clearly
shows the formation of HNO;. Especially the new bands around 1650 and 940
cm™ indicate the presence of HNOs. The strong band around 1350 cm™ due to

N-O stretching of the nitrate ion was partly split into new bands, due to new
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modes arising from strong hydrogen bonding with the nitric acid. After steady
state was obtained the NO gas flow was discontinued and the sample was
heated to 120 °C in situ in the air/water gas flow (8 mL/min) for 10 min. It can
be clearly seen from Figure 1 that the nitric acid was released and the
[BMIM]NO3 was fully recovered. The amount of nitric acid in the sample was
determined through a deconvolution with Gaussian functions using the Systat
software Peakfit 4.12. By constraining the width and position of the peaks used
for deconvolution, the same procedure could be applied to the standard solu-
tions shown in Figure 8, and the concentration of HNO3s was estimated to be
around 1.05 mol / mol IL from the intensity of the peak at around 940 cm™. Fig-
ure 7 shows ATR-FTIR spectra of [BMIM]NO; before and after reaction with a
gas mixture of 10 vol% NO in nitrogen at a flow of 16 mL/min and air bubbled
through water (8 mL/min). After the reaction had run until steady state the sam-
ple was heated to 120 °C under a flow of air/water (8 mL/min). Figure 8 shows
spectra of standard solutions of nitric acid in [BMIM]NO3; The spectra corres-
pond to 1.12 and 2.14 mol nitric acid per mol [BMIM]NOs, respectively.

Example 2: Reaction of NO and water in 1-butyl-3-methylimidazolium ni-
trate in absence of oxygen

A thin liquid film was applied on the ATR diamond plate at room temperature
and the sealed steel cap was placed on top of the sample. A flow of 30 mL/min
of argon saturated with water was passed over the sample and the first spec-
trum was recorded using 8 scans, see Figure 9, The water flask had been de-
gassed with argon for 30 min prior to the experiment to minimize the amount of
oxygen. The sample was then exposed to 10 vol% NO in nitrogen (30 mL/min)
for 10 min. The water signal at 3500 cm™ disappears but only negligible
amounts of nitric acid were formed. The sample was again saturated with water
from the argon/water gas flow for 1 min. Finally, the sample was again exposed
to NO at a flow rate of 30 mL/min for 20 min. During the entire experiment only
negligible amounts of nitric acid was observed. Comparison with Example 1
shows that oxygen or another oxidant is needed in order to oxidize NO to nitric

acid. Figure 9 shows [BMIM]NO3; exposed to water by a stream of argon satu-
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rated with water. Then the flow was switched to 10 vol% NO in nitrogen for 30
min. After 10 min the gas flow was again switched to the Ar/water mixture for 1
min. Finally, the flow was changed back to 10 vol% NO in nitrogen for another
20 min.

Example 3: Aerobic oxidation of NO in 1-butyl-2,3-dimethyl-midazolium
nitrate
1-Butyl-2,3-dimethylimidazolium nitrate ((BDMIM]NO3) was prepared by adding

an equimolar amount of aqueous AgNO; to a solution of 1-butyl-2,3-dimethyl-
imidazolium bromide in water. The precipitate was filtered off and the solvent
removed by heating to 70 °C under reduced pressure. A thin film of the
[BDMIMINO3s was placed on top of the heatable ATR diamond plate. The
sealed stainless steel cap was applied on top of the sample. Initially the sample
was heated to 120 °C while flushed with water saturated air (8 mL/min). After
10 min the sample was cooled to about room temperature (30 °C) still under
water saturated air. A spectrum was obtained before exposure to NO, see Fig-
ure 10. Afterwards, the sample was exposed to 16 mL/min 10 vol% NO in N,
mixed with a flow of 8 mL/min water saturated air. Spectra were recorded using
8 scans. A selection of spectra is seen in Figure 10. After 55 seconds almost all
water had been consumed, and the spectrum had changed significantly. The
intense band from nitrate N-O stretching at 1348 cm™ is initially broadened
while new bands appear. This broadening combined with the bands at 1650
and 942 cm™ indicates the formation of significant amounts of nitric acid. After 4
min the samples had almost reached steady state, and the nitrate N-O stretch-
ing band at around 1350 cm™ is split into several new bands due to strong hy-

drogen bonding to the nitric acid.

The quantitative development of HNO3; was monitored by deconvolution of the
spectra followed by integration of the band at 942 cm™. The time resolved de-
velopment of HNO3; can be seen from Figure 11. The initial reaction rate could
be determined to 9.010° s™.



10

15

20

25

30

WO 2013/079597 PCT/EP2012/073969
33

Example 4: Aerobic oxidation of NO in 1-Butyl-3-methyl-imidazolium chlo-
ride
The reactor was loaded with a thin film of [BMIM]CI (98%, Aldrich) at room

temperature analogous to the previous examples. Gas and flow conditions
identical to Example 3 were used. Initially the IL film was saturated with water
and a spectrum was recorded. The water content was estimated to around 9.5
wt, equivalent to a molar ratio of chloride:water of about 1 (extrapolation of a
standard curve from 0.56, 1.6, 2.1, 4.3 wt% water in [BMIM]CI determined by
the mean value of three Karl Fisher titrations for each sample). Then the sam-
ple was exposed to the NO/O,/H,O mixture. Initially no formation of nitric acid
was observed, but after 75 s it starts to form, see Figures 11 and 12. The rate
of formation was determined to be 2.8*10° s™ (see Table 2 and Figure 11). The
water is consumed rapidly during the experiment and after 3 min the water is
almost gone and a new faster rate of formation of 9.3*10° s is observed. This
is very close to the rate observed using [BDMIM]NOs. The reaction was run
until steady state was observed. After steady state was achieved, the sample
was heated to 120 °C under 8 mL/min air/water flow. After desorption of nitric

acid very pure [BMIM]NO3; was recovered as the final product (see Figure.12).

The chloride ion is a strong Lewis base in the absence of water. This experi-
ment indicates that the Lewis basicity and the identity of the anion could play
an important role in the mechanism of aerobic oxidation of NO in ILs. The reac-
tion changes mechanism and reaction rate after around 3 min into the experi-
ment as nitrate and nitric acid is accumulated in the system and the water con-

tent decreases.

Example 5: Aerobic oxidation of NO in 1-Ethyl-3-methylimidazolium trif-
late
A NO oxidation experiment analogous to Examples 3 and 4 was made with 1-

ethyl-3-methylimidazolium triflate ((EMIM]OTT). After saturation with 8 mL/min
air/water a spectrum was recorded and then 10 vol% NO in Nz (16 mL/min)
was added to the gas flow. The water was rapidly consumed and nitric acid
was formed — see Figure 13. In the previous examples the nitric acid evolution
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was estimated from integration of the band at around 940 cm™ in the difference
spectra between the samples exposed to NO and the pure IL. In the case of
[EMIM]OTf the area around 900 cm™ differed too much from that found in the
spectra of the solutions of HNO; in [BMIM]NO; used as standards. Instead a
point of reference was made from the nitric acid bands around 1650 cm™ from
the steady state spectra where the background is more similar for [EMIM]OTf
and [BMIMINO3; The value for the steady state concentration of HNO; in
[BMIM]NO; estimated from the band around 1650 cm™ was therefore used to
set a correct scale for the band around 940 cm™ which was then used to esti-
mate the time resolved evolution of HNO3 in [EMIM]OTTf. Using this method, an
estimated value of around 0.6 mol HNOs/mol [EMIM]OTf at steady state was
reached. Using this value, an initial reaction rate of 6.3*10° s™ could be esti-
mated (see Table 2 and Figure 11). This example indicates that even a quite
weak Lewis base such as the triflate ion, which is a much weaker base that the
anions used in previous examples, could still be a suitable choice for an IL-
based process converting nitrogen oxide into HNO;. The rate and absorption
capacity is comparable to the much stronger Lewis basic anions described in
previous examples. Pure [EMIM]OTT could be recovered by desorbing the nitric
acid by heating. [EMIM]NO3 was not produced since nitric acid cannot proto-

nate the triflate ion to make the much stronger triflic acid (see Figure 13).

Example 6: Aerobic oxidation of NO in 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide
The bis(trifluoromethylsulfonyl)imide (TfoN") anion is one of the weakest Lewis

bases among the commonly used anions in ionic liquids. The NO oxidation ex-
periment was performed analogous to examples 3-5. A very small amount of
water could be observed in the sample before reaction (see Figure 14). After
NO exposure the sample reached steady state within a few minutes. Only a
trace amount of nitric acid was observed in the IL andthe concentration peaked
after one minute. The steady state concentration was estimated to be 0.09 mol
HNOz/mol [BMIM]TfoN using the same method of estimation as in Example 5.
Due to the hydrophobic nature of this ionic liquid, the HNO3; seemed to be in
equilibrium with NO» in the form of N>O4. This could be detected from the char-



10

15

20

25

30

WO 2013/079597 PCT/EP2012/073969
35

acteristic band at around 1740 cm™. This example together with Example 5
demonstrates that even weaker Lewis basic anions like the TfoN™ and OTf™ ani-

ons are capable of catalyzing the conversion of NO into HNOj (see Figure 14).

Example 7 — Aerobic oxidation of NO in Choline acetate
The NO oxidation experiment was performed analogous to previous examples

using choline acetate (99%, Aldrich), see Figure 15. As NO was added to the
gas flow, the water was rapidly consumed in the reaction (the characteristic
water line at 3400 cm™ disappears). As the nitric acid was produced it reacted
simultaneously with the acetate present to produce acetic acid. These two
compounds can be distinguished by their different C-O stretching modes. The
acetic acid dimer is identified at 1720 cm™, whereas the deprotonated carboxy-
late group in acetate has a strong band at around 1570 cm™. The complex be-
tween the acid and the carboxylate has an intermediate mode located around
1650 cm™. No significant amount of nitric acid was observed in the first 3 minof
the experiment, since no increase in the band around 940 cm™ was observed
in this time interval (the band appearing around 1650 cm™ can be ascribed to
COO"HOOC modes). Instead the intensity loss of the band around 1570 cm”
was exploited analytically in this case. Using the spectrum recorded at 3 min as
background, an initial reaction rate of 9.3*10°s™ could be determined on the
basis of the acetate C-O stretching (see Figure 11 and Table 2).

At steady state the acetic acid has desorbed from the ionic liquid film since
none of the characteristic lines for acetate or acetic acid can be found anymore.
The remaining IL film consisted of a mixture of choline nitrate and nitric acid as

can be seen from comparison with Figure 16.

The reaction rate is identical to the one obtained with the [BMIM]CI and
[BMIM]NO3 in previous examples 2 and 4, which indicates that the structure of
the IL cation does not play an important role in the mechanism from a kinetic

point of view.

Upon heating to 120 °C in moist air, HNO3; was desorbed and pure choline ni-
trate could be isolated (see Figure 15).
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The resulting choline nitrate was cooled to room temperature in the air/water
flow. Then it was exposed to the NO/Oo/H,O mixture analogous to previous
examples, see Figure 16. The reaction was followed until steady state. It was
not possible to quantify the amount of HNO3; during reaction or at steady state
by analysis of the IR spectra in a manner analogous to the previous examples,
due to strong overlap with the modes from the choline ion at 940 cm™. A rough
estimate would put the nitric acid concentration above 1 mol/mol IL. The differ-
ence of the choline ion relative to the imidazolium ions is that the former con-
tains a hydrophilic alcohol group that could be able to bind more HNO3;, than
what is bound in the complex with the nitrate ion (see Figure.16). This result
indicates that the structure of the cation have an influence on the HNO; storage

capacity of the liquid ionic composition.

Example 8: Aerobic oxidation of NO in 1,1,3,3 -tetramethylguanidinium
chloride
1,1,3, -tetramethylguanidinium chloride ([TMGH]CI) is a hygroscopic salt that

melts around 200 °C in the absence of water. In the presence of water it forms
a melt at room temperature. The salt was prepared by neutralization of 1,1,3,3-
tetramethylguanidine with aqueous HCI . The solvent was removed and the
product was recrystallized in ethanol. The sample used was in equilibrium with
the atmosphere when it was loaded into the instrument analogous to previous
examples. Before adding NO to the gas flow, the sample was given further time
to equilibrate with the moisture from the air/water mixture. When NO was
added to the flow it was observed, that water was consumed while the intensity
of the bands in the areas around 1650 and 940 cm™' started to increase. Due to
overlap with N-H bending of the NH, group on the [TMGH]" ion it was not pos-
sible to follow the reaction.

A further complication for this IL is the protonation of the amine groups by the
produced nitric acid. The resulting tertiary ammonium groups could be identi-
fied from the N-H stretching appearing around 3050-3100cm™. After 6 min
some decomposition of the protonated [TMGH]* could be observed, which indi-
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cates that the 1,1,3,3-tetramethylguanidinium ion is not entirely stable at high

concentrations of nitric acid. The sample approached steady state after 20 min.

After steady state the NO was removed from the flow and the sample was
heated to 120 °C. Clear indications of nitrate now appeared around 1350 cm™.
The sample lost water and suddenly crystallized at 120 °C resulting in poor
contact with the ATR diamond. To generate a comparable spectrum, the sam-
ple was heated to 200°C where the anhydrous form melts again. Characteristic
features of the both the nitrate (N-O stretching 1350 ¢cm™) and [TMGH]* ion

(primary amine 3250 and 3410 cm™") were observed (see figure.17).

Table 2. Rate constants for HNQO3 formation and concentration in the employed
ionic liquids. The empty spaces indicate that a quantitative estimate was not
possible from the standard solution shown in figure 8 Nitrate and chloride-
based ionic liquids seem to have the highest storage capacity for HNO3.

rate constant Mol HNO3z/mol

for HNO; for- IL at steady
lonic liquid mation state
[BMIMINOs - 1.05
[BDMIM]NO; 9.0*10°s™ 1.09
[EMIM]OTf 6.3*10° 5™ 0.59
[BMIM]Tf,N - 0.09
[BMIM]CI 9.310° s(a) 1.05
[TMGH]ClexH,0 - -
Choline acetate 9.3*107 5™ -
Choline NO; - 1-2®

(a) For [BMIM]CI two rate constants were observed. The rate constant ob-
servedsbe‘ﬁween 1 and 3 min exposure was 2.8*10° s and the final was
9.3*107 s™.

(b) The concentration of HNO3 in choline nitrate could not be measured ac-
curately by the IR method used in the other examples, but is estimated to
be between 1-2 mol HNOs/mol ionic liquid at steady state.
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Example 9: SILP absorbers prepared on calcined silica, carbon and ana-
tase support materials

Correlating the NO» and NO concentrations

After experiments with the uncalcined silica SILP, it became apparent that a
correlation between the NO and NO, concentrations had to be established, the
results are found in figures 21-23. In order to establish this correlation, a gas
bottle of NO in nitrogen was procured (1000 ppm + 2%, AGA), and a spectrum
was recorded at a concentration of 1000 ppm NO.. The spectrum shown in fig-
ure 19 was obtained after flushing the system for 20 min at a flow rate of 100
ml/min.

When comparing the spectrum for pure NO, to the spectra shown in figure 24,
it seems evident that the broad band in the spectral range used is not directly
quantifiable for NO,. Accordingly, another method to determine the correlation
between NO and NO, was needed. The correlation was determined by closing
the nitrogen balance, assuming that only the two species NO and NO, are in
the gas mixture when the reactor is bypassed. This is deemed a fair assump-
tion since it is unlikely that other species than NO. will be formed. The only
other species one could imagine is the dimers N>O, and N>O4. However both of
these species are highly unfavorable at elevated temperatures, and since the

cuvette is heated to 100°C, there will be little, if any of these species left.

NO: is the thermodynamically favored species, which means that the NO, con-
centration is partially a function of the total residence time of the gas. With this
in mind, spectra were obtained at flow rates of 50 and 150 ml/min; these spec-
tra are shown in figure 20. As can be seen from the spectra, the concentration

of NO, in the spectrum obtained at 150 ml/min is essentially zero.

Using the NO concentration at 150 ml/min as the baseline, the correlation be-
tween the two gases could be determined. This was done by calculating the
area of the NO peak, at both 50 and 150 ml/min. The average area from ten
measurements at each flow rate was used to determine the ratio between the
NO concentrations at the different flow rates. The results are shown in Table 3.
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Flow rates Average area Correlated (vppm) | Ratio (c/co)
(ml/min)
50 0.1086 1885 0.942
150 0.1152 2000

Table 3: Data used for determining the correlation between NO and NO,

From these results and using the aforementioned assumptions, it follows that
the concentration of NO, when bypassing the reactor at 50 ml/min is around
115 vppm.

Uncalcined silica

The SILP absorber prepared with uncalcined silica was the first material tested.
A total of 5.0 g of the uncalcined material, corresponding to 1.5 g of IL, was
placed in the reactor and tested at different water concentrations of 2500, 1800
and 900 vppm of water. The most promising result was shown with 900 vppm
of water; a time resolved spectrum of the results from this experiment is shown

in Figure 21.

As is evident from Figure 21, a very small amount of NO is absorbed in the ini-
tial phase. A good selectivity towards NO is, however, found removing all for a
significant amount of time. The initial phase is the initial part of the NO absorp-
tion, typically lasting 5-10 minutes, in which the NO signal either disappears or
is significantly lowered. The time in which there is no NO signal is referred to as
dead signal time.

Numerous different ways for absorbing and desorbing was tested without any
real breakthrough in absorption performance. Common for all these different
configurations were, that desorption was carried out in a stream with no less

than 900 vppm of water and typically with either 1800 or 2500 vppm.
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The breakthrough in SILP absorber performance occurred, when the SILP was
dried after desorption for 1 hour in a 150 ml/min stream of dry air during cool-
ing. When desorption was performed like this in a gas stream with a composi-
tion of 900 vppm wet air and 2000 vppm after prior absorption at 40°C the re-

sults shown in Figures 22 and 23 were obtained.

These results proved that it was possible to get a completely dead signal for
the quantifiable NO peak. As can be seen from Figure 23, all NOx is removed
from the simulated flue gas for 6.5 min. However, this experiment had the un-
wanted side effect that a very high amount of NO, was formed after the initial
reaction removing all NOx and unfortunately the NO» concentration is not di-
rectly quantifiable from the spectral data obtained. The results shown in Figures
22 and 23 were obtained in the 15th cycle with the uncalcined silica SILP ab-
sorber. Importantly, they indicate no apparent drop in the absorption capacity
for the SILP absorber when reused.

Calcined silica SILP

Experiments with calcined silica SILP absorbers were conducted in two series.
For the first 2.5 g SILP absorber was used, corresponding to 0.8 g of IL. For the
second series of testing a total of 4.8 g SILP was used, corresponding to 1.5 g
of IL.

The first 15 experiments were conducted using a flue gas stream with 800
vppm NO and varying water concentration. All of these experiments showed
low NOx removal. It was discovered later that it was not possible to obtain the
desired water concentration in the gas stream due to the wet air flow being too
low. The results were accordingly discarded, but the experiments functioned
well as a way to cycle the SILP, so it provided valuable information nonethe-
less. The rest of the experiments have been conducted with a NO concentra-
tion of 2000 vppm.
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An experiment was made to recreate the results obtained with the uncalcined
silica SILP absorber. This was possible but as for the uncalcined silica a large

amount of NO, was formed giving spectra resembling the ones in Figure 22.

Several different gas compositions were tested, both during absorption and
desorption. Also the desorption temperature was altered, while the absorption
temperature was kept constant at room temperature. The main gas composi-
tion for absorption had a NO concentration of 2000 vppm and a water concen-
tration just below the stoichiometric value, namely at 900 vppm. The desorption
stream generally contained 900 vppm of water, or lower, with no NO present.
The flow rate was kept at 50 ml/min for absorption and 150 ml/min for desorp-

tion.

In these experiments, satisfying results were only obtained when the water
concentration for both desorption and absorption was increased significantly.
Thus, a water concentration for desorption of 5000 vppm and 1500 vppm for
absorption yielded the results shown in Figures 24 and 25 at room temperature.
This experiment was the 27th overall cycle for the calcined silica SILP absor-

ber.

From Figures 24 and 25 it is clear that the NO concentration shown in Figure
25 is not in direct correlation with the amount of NOx removed from the inlet
gas stream. An unknown NOXx species appears in the spectrum as a broad
band with a peak below 200 nm. This suggests that a form of NOx, different
from NO and NO,, is stabilized on the calcined silica support by the way the
experiment is conducted. Given that the peak is somewhat quantifiable, the
amount formed of this type of NOx seems significantly smaller than the amount
of NO, formed when using the uncalcined silica SILP absorber.

In an attempt to further increase the absorption of NO in the SILP, the water
concentration in the absorption stream was increased further to 2500 and 5000
vppm. This induces no significant change in the results, suggesting that the

water is not an inhibitor or at least to a very small extends, towards absorption.



10

15

20

25

30

WO 2013/079597 PCT/EP2012/073969
42

However, the water may be a delimiter if the concentration is too low. With
somewhat optimal concentrations of NO and water determined, an attempt was
made to determine the optimal temperature. Experiments for both absorption
and desorption were conducted under the same conditions that yielded the re-
sults shown in Figures 24 and 25, by varying the temperature in intervals from
10 to 40°C. The development of the calculated NO concentrations at the differ-

ent temperatures are shown in Figure 26.

As is evident from Figure 26 the optimal temperature seems to be around 40
°C. The experiment conducted at 40 °C was the 30th cycle for the SILP materi-

al confirming, that there is no evident drop in capacity during repeatedly use.

The last experiments conducted with the calcined silica SILP absorber explored
the development of the gas stream, when the SILP material was exposed to
this for a longer period of time. After initializing the experiment by three con-
secutive sorption cycles, the SILP was exposed to a gas mixture with the op-
timal composition of water and NO for a total of 23.5 hours. After running the
first experiment, desorption was conducted in a stream with the same composi-
tion as the absorption, including NO. Desorption occurred at 120 °C. The re-

sults are shown in Figures 27 and 28.

Again the spectral data for the calcined SILP shows formation of the unknown

NOx species. Hence, this unwanted side reaction seems to be repressed by
desorbing directly in the gas stream. Desorbing in the gas mixture seems,
however, to decrease the amount of NOx that is removed in the initial reaction

giving rise to a much shorter period of complete NOx removal.

Carbon SILP

Carbon is well known for its high surface area and was therefore expected to
provide SILP absorbers with the highest BET surface area. For the sorption
experiments the reactor was packed with 6.0 g of carbon SILP absorber, cor-



10

15

20

25

30

WO 2013/079597 PCT/EP2012/073969
43

responding to the second largest amount of IL used (1.1 g) in any of the expe-
riments. Due to the hydrophobic nature of the pure carbon, the water concen-

tration was raised to 4000 vppm vyielding the results shown in Figure 29.

As can be seen from the spectral data, the carbon SILP seems to promote for-
mation of the unknown NOx species, especially in the beginning of the experi-
ment. This promotion effect decreased, however, and the SILP seems to ab-
sorb an increasing amount of NO after prolonged time. In order to prevent the
promotion the water concentration in the gas stream was increased. The best
results were obtained in a gas stream, which was fully saturated with water;
these results are shown in Figures 30 and 31. However, these results were not
as good as for the calcined silica SILP absorber, demonstrating that the absor-
ber efficiency is not only governed by a combination of high surface area and
low surface acidity.

Anatase SILP
The first experiments conducted used some of the same configurations as tried
both with the silica and carbon SILP materials. Thus water concentrations be-

low 1500 vppm were not tested and the NO remained constant at 2000 vppm.

The total mass of the used SILP absorber was 10 g, but the relative low pore
volume still makes it the SILP with the least amount of contained IL (1 g) and
the relative high density of anatase made the reactor bed volume comparable

to that of the other supports.

The best immediate absorption results were obtained under the same condi-
tions as for the silica SILP materials, but the water concentration seemed to
have little or no impact on the results. Figures 32 and 33 show the results ob-
tained at 40 °C with a water concentration of 1500 vppm. This was results ob-

tained from the 6th overall cycle for the anatase SILP.
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As is evident from the collected data, the dead signal time is the highest
achieved of the examined SILP absorbers. However, as with the other supports
(apart from the uncalcined silica) also anatase seems to stabilize the unknown

NOx species.

In order to clarify what happens during desorption experiments were conducted
where the SILP material was fully desorbed at 120 °C in a gas stream of at-
mospheric air with a water concentration of 1500 vppm. After desorption NO
was added to the inlet gas, and it was passed through the reactor at different
temperatures. After each experiment, the reactor was then desorbed at 120 °C
in a gas stream without NO. This was done at the four different set tempera-
tures 120, 110, 100 and 90°C. The temperatures measured just above the SILP
bed was 103, 95, 88 and 80 °C, respectively. The results of these experiments

can be seen in Figures 34 and 35.

From the data it appears as if the unknown NOx species is destabilized at ele-
vated temperatures. This may suggest that it is a dimer or possibly a proto-
nated species. As expected, the amount of NO absorbed decreases with tem-
perature. Surprisingly, however, a significant amount of NO is absorbed even at
temperatures above 80 °C. This may suggest that the NO bonding in the SILP
material is stronger than the bonding in the pure IL, where complete desorption

occurs at 80 °C.

The concentration of NO, continues to increase at 110 and 120 °C. This sug-
gests that some conversion is still taking place at the surface of the SILP at
these temperatures. Possibly this can also explain the observed drop in NO
concentration immediately after the gas stream enters the reactor, since this is
when the available amount of reaction sites is the highest.

The anatase SILP was also tested in two 24-hour absorption experiments.
These experiments were carried out with a water concentration during absorp-

tion of 2000 vppm and a concentration of 5000 vppm during desorption. The
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experiments were conducted at sorption cycle number 16 and 17 for the ana-
tase SILP, respectively. In the first experiment, the SILP was desorbed in a gas
containing NO, while no NO was present during desorption in the second expe-
riment. Desorption was conducted at an oven setting of 140 °C giving a meas-
ured temperature above the SILP bed of 120 °C. The results are shown in Fig-
ures 36 and 38.

According to the results the anatase SILP does not seem to be effected nega-
tively by desorption in a gas stream containing NO. Actually, the amount of NO,
formed during absorption is lower for the SILP desorbed in NO, at least during
the first 2 hours or so. Also noticeably, the anatase SILP does not seem to

promote formation of the unknown NOx species at this water concentration.

In-situ ATR-FTIR Experiments with D>O
The in-situ ATR-FTIR experiments were used to determine the source of the

hydrogen atoms involved in forming the nitric acid.

The absorption was conducted by passing a gas stream with a composition of
2000 vppm NO and 2000 vppm D,O over the silica SILP at a constant tempera-
ture of 30 °C. In-situ IR-spectra were continuously recorded over a 12 hour

span, and the results are shown in Figure 38.

It is evident from Figure 38, that there is a definite rise in the concentration of
DNOs while there is a decrease in the concentration of the free nitrate ion in the
SILP material. This supports that water from the air is used in the formation of
the nitric acid in the SILP. The decrease in the concentration of free nitrate fur-
ther suggests that the nitrate present in the SILP prior to absorption coordi-

nates with the nitrate that is formed during absorption.
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CLAIMS
1. A method for capturing nitric oxide (NO) from gasses containing more than
one gaseous compound, which method comprises
a.absorbing said NO in a liquid ionic composition in the presence of
5 oxygen and water,
b.reacting the absorbed NO with oxygen and water to form nitric acid
which accumulates in the liquid ionic composition,
c.optionally removing the formed nitric acid from the liquid ionic
composition solution by increasing the temperature and/or de-

10 creasing the pressure,

wherein said liquid ionic composition comprises one or more ionic com-

pounds, optionally admixed with a non-ionic solvent.

15 2. The method according to claim 1 wherein the ionic composition comprises
one or more ionic compounds comprising one or more organic cations se-

lected from :

Rs F{14\+ /R15
N

)\ R8
R R
~n N 2 |+

- T YT
R6 F|{12 F|{11
Rs Ry
Imidazolium ion Ammonium ion Guanidinium ion
R17 R20
R R
R16—T R19 P—R21
F{18 I:{22
Sulfonium ion Phosphonium ion
wherein
20 ¢ R1, R2, R3, R4, R5, R6, R7, R8, R9, R10, R11, R12, R13, R14,

R15, R16, R17, R18, R19, R20, R21 and R22 can be, independent-
ly, hydrogen, alkyl, halogenated alkyl, aminoalkyl, hydroxyalkyl, al-
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koxyalkyl, alkenyl, alkynyl, aryl, heteroaryl, cycloalkyl, cycloalkenyl,
heterocycloalkyl, or heterocycloalkenyl;
e the positively charged P, N and S atoms may individually be part of

heterocyclic or heteroaromatic structures by letting:

o] two of R20, R21, R22, R23, e.g. R21 and R22 be
fused such that a cyclic phosphonium ion is formed, or
o by letting two of R6, R7, R8, R9 eg. R6 and R7 be

fused, such that a cyclic ammonium ion is formed, such as a pyri-
dinium ion, or,
0 by letting two of R11 and R12, R13 and R14, R15 and
R10,eg. R11 and R12 be fused, such that a cyclic guanidinium
ion is formed, or,

e by letting two of R16, R17 and R18 eg. R16 and R17 be fused, such

that a cyclic sulfonium ion is formed,

optionally one or more cations selected from inorganic cations such as Li,

Na* and K*, and

one or more anions selected from C4-Cs alkanoates such as acetate, aryl-
carboxylates such as benzoate, C1-Cs alkylsulfates such as ethyl sulfate,
C1-Cs alkylsulfonates, C4-Cs perfluoroalkylsulfonates such as triflate, C+-Ce
perfluoroalkanoates such as trifluoroacetate, C+-C¢ perfluoroalkylsulfoni-
mides such as bis(trifluoromethylsulfonyl) imide (triflic imide), tetrafluorobo-
rate, hexafluorophosphate, sulfate, nitrate and halides such as chloride or

bromide.

A method according to any one of the preceding claims wherein the liquid

ionic composition comprises a cation having the following structure:



10

15

20

25

WO 2013/079597 PCT/EP2012/073969

48

Imidazolium ion
wherein Ry and R are individually selected from C4-Cg alkyl groups or aryl
groups, and wherein Rs, R4 and Rs are individually selected from hydro-
gens, C1-Cg alkyl groups or aryl groups or wherein Rs and R4 together with
the imidazolium group may form a 4- to 6-membered saturated, unsatu-
rated or aromatic ring, which may further contain up to three hetero atoms
selected from oxygen, nitrogen and phosphorus.

. A method according to any one of claim 1-2 wherein said ionic composition

comprises one or more ionic compounds selected from 1-ethyl-3-
methylimidazolium ((EMIM]*)  acetate, 1-butyl-3-methylimidazolium
([BMIM]*) acetate, 1-ethyl-3-methylimidazolium ([EMIM]Y) triflate, 1-butyl-3-
methylimidazolium ([BMIM]") triflate, 1-ethyl-3-methylimidazolium ([EMIM])
nitrate, 1-butyl-3-methylimidazolium ([BMIM]*) nitrate, 1-butyl-2,3-dimethyl-
imidazolium ([BDMIM]*) nitrate, choline chloride, choline acetate and

1,1,3,3-tetramethylguanidinium chloride.

. A method according to any one of the preceding claims, wherein the liquid

ionic composition further comprises one or more cations selected from Li,
Na*® and K*.

. A method according to any one of the preceding claims, wherein the liquid

ionic composition contains a non-ionic solvent.

. A method according to any one of the preceding claims, wherein the liquid

ionic composition is absorbed in a porous carrier and used in the form of a

supported ionic liquid phase (SILP) material.
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8. A method according to claim 7 wherein the porous carrier material is se-
lected from SiO,, Al,Os, TiO,, CeO,, ZrO,, carbon or a combination of two

or more of these.

9. A method according to claim 7 or 8 wherein the porous carrier material is
anatase TiO,.

10.A method according to any one of the preceding claims, wherein the cap-
tured HNO; is desorbed from said liquid ionic composition by increasing the

temperature and increasing the flow rate.

11.Use of an ionic composition as defined in any one of claims 2 — 9 for captur-
ing nitric oxide (NO) from gasses containing more than one gaseous com-

pound.

12.Use of an ionic composition according to claim 11 wherein said gasses are
flue gases originating either from large stationary sources like power or inci-
neration plants or cement production plants, or from mobile emission
sources like e.g. commercial marine vessels or mobile incineration plants

for incineration of eg. domestic or industrial waste.
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