
 ORCA – Online Research @
Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/119206/

This is the author’s version of a work that was submitted to / accepted for publication.

Citation for final published version:

Greer, Adam J., Taylor, S. F. Rebecca, Daly, Helen, Quesne, Matthew, Catlow, Charles Richard A. ,
Jacquemin, Johan and Hardacre, Christopher 2019. Investigating the effect of NO on the capture of CO2

using superbase ionic liquids for flue gas applications. ACS Sustainable Chemistry and Engineering 7 (3) ,
pp. 3567-3574. 10.1021/acssuschemeng.8b05870 

Publishers page: http://dx.doi.org/10.1021/acssuschemeng.8b05870 

Please note: 
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published

source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See 
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made

available in ORCA are retained by the copyright holders.





 
 

 

 

 
 
 
 
 
 

 

Investigating the Effect of NO on the Capture of 
 

CO2 using Superbase Ionic Liquids for Flue Gas 

Applications 

 

Adam J. Greer
†,‡,*, S. F. Rebecca Taylor

‡
, Helen Daly

‡
, Matthew Quesne

#
, Richard Catlow

#
, Johan 

Jacquemin
†,§,*, Christopher Hardacre

‡,* 
 

†
School of Chemistry and Chemical Engineering, Queen's University Belfast, David Keir Building, 

Stranmillis Road, Belfast, BT9 5AG, Northern Ireland 
 

‡
School of Chemical Engineering and Analytical Science, The University of Manchester, The Mill, 

Sackville Street, Manchester, M13 9PL, United Kingdom 
 

#
School of Chemistry, Cardiff University, Main Building, Park Place, Cardiff, CF10 3AT, United 

Kingdom 
 

§
Université de Tours, Laboratoire PCM2E, Parc de Grandmont, Avenue Monge, 37200, Tours, France 

 
 

 

AUTHOR INFORMATION 

 

Co-Corresponding Authors: 

 

* Christopher Hardacre, School of Chemical Engineering and Analytical Science, The University of Manchester, The 

Mill, Sackville Street, Manchester, M13 9PL, United Kingdom. Tel: +44 (0) 161 3062672, E-mail: 
 

c.hardacre@manchester.ac.uk 
 

* Johan Jacquemin, Université de Tours, Laboratoire PCM2E, Parc de Grandmont, Avenue Monge, 37200, Tours, 

France. Tel: +33 (0) 2 47 36 73 29, Fax: +33 (0) 2 47 36 70 73, E-mail: jj@univ-tours.fr 
 

* Adam Greer, School of Chemical Engineering and Analytical Science, The University of Manchester, The Mill,  
Sackville Street, Manchester, M13 9PL, United Kingdom. Tel: +44 (0) 161 3062227, E-mail:  

adam.greer@manchester.ac.uk 
 
 
 
 
 

 

1 
 

 

mailto:c.hardacre@manchester.ac.uk
mailto:jj@univ-tours.fr
mailto:adam.greer@manchester.ac.uk


 
 

 

 
 
 
 
 
 

Abstract 
 

 

The effect of acidic gases present in flue gas, specifically NO, on the capture of CO2 by the superbase 

ionic liquid, trihexyltetradecylphosphonium benzimidazolide ([P66614][Benzim]), is reported. An online 

mass spectrometry technique was utilized to study the CO2 uptake of the ionic liquid during multiple 

absorption and desorption cycles of a gas feed containing NO and CO2 at realistic flue gas concentrations, 

and it was found that while NO alone could bind irreversibly, the CO2 capacity of the IL was largely 

unaffected by the presence of NO in a co-feed of the gases. In-situ attenuated total reflection (ATR) 

infrared was employed to probe the competitive absorption of CO2 and NO by [P66614][Benzim], in 

which carbamate and NONOate species were observed to co-bind to different sites of the benzimidazolide 

anion. These effects were further characterised by analysing changes in physical properties (viscosity and 

nitrogen content) and other spectroscopic changes (
1
H NMR, 

13
C NMR and XPS). Density functional 

theory (DFT) computations were used to calculate binding energies and infrared frequencies of the 

absorption products, which were shown to corroborate the results and explain the reaction pathways. 

 

Keywords: Ionic Liquids; Flue Gas; Competitive Absorption; CO2 Capture; NO; Infrared; DFT 
 
 

Introduction 

 

Ionic liquids (ILs) have been shown to be suitable for a wide range of applications because of their physical 

properties, such as a high thermal stability, negligible volatility, and their ability to be chemically tuned 

through the modification and combination of different ions. In this context, superbase ILs have been studied as 

CO2 capture agents in flue gas treatments, as an alternative to the industry standard of alkanolamines, which 

have known drawbacks, such as a high corrosivity and toxicity.1 The presence of small amounts of NOx in 

these systems degrades the alkanolamine through the formation of nitrosamines, further increasing the 

corrosivity and toxicity/carcinogenicity, and consequently, decreasing the lifetime of the solvent.2–4 NOx and, 

therefore, NO emissions are regulated (not to exceed 40 µg·m-3 a year),5 as they react in the atmosphere to 

form ozone and acid rain.6 A primary source of NOx is from flue gas streams, 
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which make up 40 % of the NOx emissions from stationary sources.
6
 There is therefore a clear need to 

study its effect on CO2 capture sorbents for this application.
7 

Flue gas is estimated to contain by volume, 0.15-0.25 % NOx and 10-15 % CO2, with 10 % H2O, 0.05-

0.2 % SO2, and particulates are also present (dependant on fuel type and operating conditions).
8–10

 To 

capture CO2 from flue gas, a reactive sorbent with a high affinity is required, and consequently, ILs that 

chemically absorb CO2 have been shown to be suitable for this process due to their reversible, and 

increased capacity, over other conventional, physically absorbing ILs.
11–14

 Superbase ILs have recently 

been shown to absorb CO2 reversibly, in greater than equimolar amounts, and with minimal viscosity 

changes.
15

 A higher affinity for CO2, however, means that there is a high probability that the IL will 

strongly absorb other impurities in waste gas streams, as has been reported in the case of 

tetraalkylphosphonium ILs with gas feeds containing acidic gases such as SO2.
16 

 

To combat the emission of NOx from waste gas streams, research has focused on the use of traps and 

selective catalytic reduction (SCR) reactions to reduce emissions and improve air quality. ILs have also 

been investigated for this purpose. However, only concentrated feeds of NO have been studied for both 

the physical and chemical absorption of the gas.
17–19

 The amount of NO captured by the chemically 

absorbing superbase IL, trihexyltetradecylphosphonium tetrazolide ([P66614][Tetz]), was 4.52 nNO:nIL 

with a pure feed of NO at 30 °C and 1 atm.
19

 The capture of NO at concentrations (<0.25 %) has also 

been investigated,
20

 with the effect of O2 and H2O being considered,
21,22

 often showing a negative 

impact on the system, and adversely affecting the reversibility of the system. 
 

For ILs to remain cost-effective for capturing CO2 in an industrial application, NO must have little effect on 

the IL, or an effective method of trapping/reducing the NO before exposure of the gas stream to the IL should 

be used, in order to minimise any negative impacts and extend the sorbents lifetime. In this work, the effect of 

NO in a combined feed with CO2 at typical flue gas concentrations was studied. Following on from the 

promising CO2 capture results by [P66614][Benzim], in the presence of H2O and SO2,15,16 the superbase IL 

was further investigated in this work. The interpretation of the experimental findings was assisted by electronic 

structure, DFT calculations, whereby all possible binding confirmations of the gases 
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were considered. The calculated energies and spectroscopic data were found to be in excellent agreement 

with experimental values. 

 
Experimental 

 

Materials 
 

Trihexyltetradecylphosphonium chloride ([P66614]Cl, 97.7 wt.%, CAS: 258864-54-9) was obtained 

from Iolitech, and benzimidazole (98 wt.%, CAS: 51-17-2) was purchased from Sigma–Aldrich. Gases 

were obtained from BOC; argon (99.998%, CAS: 7440-37-1); carbon dioxide (99.99%, CAS: 124-38-9); 

nitric oxide (1 % in argon, CAS: 10102-43-9). [P66614][Benzim] was prepared using a previously reported 

two-step synthesis method.
15

 [P66614][OH] was synthesized using an anion exchange resin from 

[P66614]Cl followed by addition of the superbase, benzimidazole. The solution was stirred overnight and 

then dried in vacuo (10
-3

 Pa) at 50 °C for at least 96 h. The water content in the studied IL was measured 

using a Metrohm 787 KF Titrino Karl Fischer machine and was found to be 0.075 wt.%. Halide content 

was determined to be <5 ppm using a silver nitrate test.
23

 The structure and purity of the synthesized IL, 

and post-absorption, was analysed using 
1
H-NMR and 

13
C-NMR with a Bruker Avance II 400 MHz Ultra 

shield Plus and were carried out as neat ILs in the presence of a glass capillary insert containing 

deuterated solvent (DMSO-d6, purchased from Cambridge Isotope Laboratories Inc., CAS: 2206-27-1). 

Previously published TGA results show this IL has a decomposition temperature of 289 °C (Figure S1).
15 

 
Methods 
 
 

Two methods were used to measure the gas uptake in this work (gas concentrations are reported as vol. %). 

For gravimetric measurements, the IL was weighed out ( 0.5 g ± 0.1 mg) into a small vial with a septum lid 

(1.9 cm3) in an argon-filled glove box. The IL was pre-treated by bubbling with nitrogen at 80 °C at a flow rate 

of 50 cm3·min-1 to dry the sample until the weight had stabilized, recorded on an electronic balance with an 

accuracy of ± 0.1 mg. The sample was then bubbled with either dry 14 % CO2 in Ar or 1 % NO in Ar, at a 

flow rate of 40 cm3·min-1 at 22 ± 0.5 °C. The gas absorption was monitored after 5, 15, 30, 60 mins and then 

hourly, until the weight stabilised. The weight gain was then used to calculate the amount of 
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CO2/NO absorbed (considering the mass of the headspace).
15

 The mass of the IL was measured with an 

uncertainty close to 10
-4

 g leading to an overall uncertainty better than 0.01 nGas:nIL. The desorption 

was also studied by bubbling the sample with Ar at 80 °C. Each measurement was repeated and values 

quoted, herein, are an average of at least two experiments. 

 
A second method using a mass spectrometer to monitor the gas phase concentrations was also used. This 

method has been described in detail previously.16 2 g (± 0.1 mg) of IL was weighed out in the glovebox and 

transferred into a temperature-controlled glass reactor with a gas inlet/outlet. The IL samples were subjected to 

a number of absorption and desorption cycles. At the start of a cycle, the 2 h absorption period was started by 

switching the feed stream from Ar to the desired feed composition (typically 14 % CO2 + 0.2 % NO in Ar at 1 

atm (± 0.05 atm)) allowing the IL to be exposed to the gas. Once the absorption period had ended, the 

desorption period was started by switching the feed stream to Ar and increasing the temperature of the IL to 90 

°C for 2 h, until a stable CO2 (m/z 44) signal was observed. At the end of a cycle, the temperature was cooled 

to 22 °C (± 0.05 °C). The CO2 uptake was calculated using the 

 
breakthrough curve obtained from following m/z 44, normalised by m/z 36 (Ar fragment), to account for any 

drift in the mass spectrometer over time. To validate the technique, a feed of 14 % CO2 in Ar was used; 

 
three experiments were carried out and the overall uncertainty associated with the measurement was 

calculated to be ±0.04 nCO2:nIL. 

 
Analysis 
 
 

The viscosity of the IL samples was measured before and after NO absorption using a TA Instruments 

AR2000. Elemental analysis was carried out using a Thermo Scientific Flash 2000 elemental analyser. X-

ray Photoelectron Spectroscopy (XPS) was performed with a Kratos AXIS Ultra DLD apparatus, with 

monochromated Al Kα radiation X-ray source, charge neutralizer and hemispherical electron energy 

analyser. During data acquisition, the chamber pressure was kept below 10
-9

 mbar. The spectra were 

analysed using CasaXPS and corrected for charging using the C 1s feature at 284.8 eV. 
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Attenuated Total Reflectance-Infrared (ATR-IR) spectra were recorded on a ZnSe crystal in a modified 

in-situ cell, using a PIKE ATRMax II accessory and a Bruker Tensor II infrared spectrometer. The ZnSe 

crystal was coated with a thin film of [P66614][Benzim] ( 250 mg), before introduction of the gas feed (14 

 

% CO2 in Ar, 0.2 % NO in Ar, or a mixed gas feed of 14 % CO2 with 0.2 % NO in Ar (flow rate of 15 

 

cm
3
·min

-1
)). All gases were passed through an acetone-ice bath (-10 °C) before introduction into the cell. 

The background for all spectra was the ZnSe crystal in the cell and all spectra were recorded with 8 scans 

at 4 cm
-1

 resolution. 

DFT Calculations 
 
 

Unless otherwise specified, all energies reported here were obtained using a combination of the hybrid 

functional UB3LYP and the triplet-ζ basis set 6-311++G**.
24,25

 This methodology has been used 

extensively for calculating kinetic and thermodynamic properties of group transfer reactions.
26–28

 

Additional benchmarking and verification was done using the pure density functional UBP86, and is 

available in the SI (Tables S11 S16).
24,29

 All major trends obtained with the UB3LYP functional were 

replicated with the pure UBP86 functional. All minimum energy structures were obtained with full 

optimisation, without constraints. Analytical frequencies were run on each structure at 1 atmosphere 

pressure and a temperature of 298.15 K and the resulting infrared spectra were compared with 

experimental data. These calculations also confirm the presence of true local minima structures by the 

absence of any imaginary frequencies. Corrections for long range non-bonding interactions were given 

using the Grimme D3 dispersion model,
30

 as implemented in the Gaussian09 software package.
31

 

Absorption energies were calculated as shown in Equation 1, whereby, the sum of the energies of the IL 

and molecule(s) were subtracted from the adsorbed molecule−IL species. 

= (IL ) ―  (IL + molecule) Equation 1 
 

 

The models consist of one mole of [Benzim]
-
, as well as the absorbates; whilst the larger models also 

included a truncated version of the [P66614]
+
 cation, [P3333]

+
. An implicit solvent model of acetonitrile 

was additionally undertaken using a Polarizable Continuum Model (PCM). Acetonitrile with a dielectric 
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constant of ε = 35.688 was chosen because of its intermediate polarity, which is sufficient to effectively 

stabilise charged species whilst not unrealistically polarising the SCF. Unless otherwise stated, the 

energies presented were obtained in the gas phase. However, complete data sets for the solvent corrected 

values are available in the SI. The starting geometries for the [P3333][Benzim] models were informed by a 

previous study that utilized NVT dynamics to obtain the lowest energy configurations for the interaction 

between the cation and anion components of the IL.
32

 The molecular visualisation software ChemCraft 

was then used to add manually the different adsorbate(s) in position to chemically absorb to the IL, before 

a full optimisation of the resulting species could be undertaken.
33 

 
Results and Discussion 
 

Initially, the absorption of NO was studied using a gravimetric technique, with [P66614][Benzim] as the 

sorbent. It was found that with a feed of 1 % NO in argon, 1.73 nNO:nIL was absorbed when left to stabilise 

for 72 h under the feed (Table S1 in SI). The time required to saturate the IL with NO was significantly longer 

than for CO2 (15 mins), which could be due to the lower solubility of NO in the IL.15 A greater than equimolar 

absorption of NO was observed, which may be associated with physically/weakly absorbed NO, the absorption 

of NO on more than one site, or the formation of a NONOate species from two moles of NO absorbing on the 

same site, as seen for [P66614][Tetz].19 The desorption of the NO-saturated IL was studied by heating it under 

argon at 80 °C after which 1.39 nNO:nIL remained, showing that a large proportion of the NO was strongly 

(chemisorbed) and irreversibly bound to the IL, following the desorption conditions studied. These desorption 

conditions were the same as applied after CO2 absorption whereby the ILs absorption capacity was fully 

restored.15 The small loss in weight (1.73 to 1.39 nNO:nIL) could be due to removal of physisorbed or weakly 

bound NO. In contrast, using [P66614][Tetz], 13 h was required for the weight to stabilise with 3.56 nNO:nIL 

captured (30 °C, 0.1 bar, 100 % NO).19 4.52 nNO:nIL was absorbed by [P66614][Tetz] at a higher NO partial 

pressure (30 °C, 1 atm, 100 % NO), however, 2.79 nNO:nIL remained after desorption (80 °C, 1 atm, N2), 

indicating a strongly bound species was also observed. 
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Figure 1. CO2 capacity (bars) of [P66614][Benzim], calculated from the MS, and calculated exposure to 

NO (solid line), after multiple cycles of a 2 h absorption under a feed 14 % CO2 and 0.2 % NO in argon, 

and a 2 h desorption at 90 °C. Dashed line depicts the 14 % CO2 only value. 

 

Gravimetric analysis allows for the uptake of a single gas to be studied. However, as waste flue gases 

are multicomponent, the ability of the IL to absorb CO2 in the presence of NO needs to be assessed, to do 

which, the absorption of a co-feed consisting of 14 % CO2 + 0.2 % NO in Ar by [P66614][Benzim] was 

studied in a gas absorption rig with an on-line MS (Figure 1 and Table S2 in SI). This system has been 

previously developed and validated for the uptake of CO2 + SO2 feeds.
16

 In order for the IL to be 

exposed to an equivalent number of moles of NO for the amount of IL present ( 2 g), 10 cycles were 

carried out; with each cycle consisting of a 2 h absorption period under feed conditions at 22 °C, followed 

by a 2 h desorption period under argon at 90 °C. The IL was initially pre-treated with a feed containing 14 

% CO2, and an average value of 0.78 nCO2:nIL was obtained, consistent with the previous work. 

 

[P66614][Benzim] was capable of absorbing large amounts of NO (measured gravimetrically) when exposed 

to NO as a single component feed. However, the gas absorption rig showed that for a co-feed of CO2 + NO, 

CO2 was able to effectively compete with NO for the absorption sites, with 0.78 nCO2:nIL still absorbed 

during the first cycle. Interestingly, after 10 cycles, the CO2 absorption capacity had only reduced to 0.72 ± 

0.04 nCO2:nIL, and at the equimolar exposure point, [P66614][Benzim] was still able to absorb 0.76 nCO2:nIL. 

This compares with 0.17 nCO2:nIL when the IL was treated with a co-feed containing 14 % CO2 

 
 
 
 

 

 
 

8 



  
 
 
 

 

+ 0.2 % SO2, showing that [P66614][Benzim] has a significantly higher resistance to poisoning by NO than 
 

SO2 at flue gas concentrations.
16 

 

Characterisation of [P66614][Benzim] post-absorption was required to examine the mode of absorption of 

NO and its effect on the physical properties of the IL. All post-absorption characterisation was performed on 

the IL after 10 absorption/desorption cycles of the 14 % CO2 + 0.2 % NO feed, with the final desorption step 

performed to remove any absorbed CO2 and physisorbed NO. The effect of the absorption cycles on the 

viscosity of [P66614][Benzim] was investigated (Table S3 in SI). It was previously reported that the 

 

absorption of CO2 resulted in a decrease in viscosity from 1149 to 388 mPa·s.15 However, after 10 

absorption/desorption cycles of the 14 % CO2 + 0.2 % NO co-feed, an increase in the viscosity was observed, 

from 1087 to 1235 mPa·s. This increase was associated with the absorption of NO and was likely 

due to an increase in hydrogen bonding between the [Benzim-NO]- species and the phosphonium cation. The 

absorption of the CO2 + NO co-feed showed NO to have little effect on the CO2 absorption capacity of the 

superbase IL and correspondingly, elemental analysis of the IL post 10 cycles (Table S3 in SI) showed 
 
only a small increase in nitrogen content, from 6.10 to 6.48 wt.%, likely due to a chemisorbed species 

being retained in the IL after desorption. 

 
1
H and 

13
C NMR spectra of [P66614][Benzim] (Figure S2 and S3 in SI, respectively) before and after 

exposure to 1 % NO, and the 14 % CO2 + 0.2 % NO co-feed, showed a downfield shift in the protons 

(and carbon atoms) in the anion ring when comparing the IL before and after exposure to NO, which was 

indicative of the chemical absorption of NO to the anion and was observed previously with CO2 and 

SO2.
15,16

 This shift was not observed in the co-feed treated sample due to the small amount of NO 

absorbed. The chemisorbed species gave a new contribution in the N 1s region at 402.4 eV in the XPS 

spectrum of the IL, post-absorption (Figure S4 in SI), which was likely due to the absorption of a small 

amount of NO to yield either an NO or N2O2 species, reported to have photoelectron peaks at 401.2 and 

403.0 eV respectively, in the literature.
34,35

 All the co-feed post-absorption characterisation corroborate 

the experimental results where NO was found to have little effect on the CO2 capacity; however, a change 

in the amount of irreversibly bound species was observed gravimetrically. Therefore, in-situ ATR-IR 
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spectroscopy was used to identify the species formed during the absorption of NO alone and for CO2 in the 

presence of NO. The data are presented predominantly as difference spectra where the [P66614][Benzim] IL 

before introduction of the feed gases (NO, or the co-feed), has been subtracted from the spectra recorded under 

the feed gases at different exposure times to highlight the changes due to the absorption of the gases. 

 
The gravimetric study showed a greater than equimolar absorption of NO, which was irreversibly 

absorbed with only 0.34 nNO:nIL removed, after desorption at 90 °C under Ar. Therefore, an initial study 

of the absorption of 0.2 % NO in Ar was performed to probe the mode of binding of NO to the IL (Figure 

2i (a)). New bands in the 1450-1200 cm
-1

 region formed upon the absorption of NO by the IL and it was 

clear that a number of bands, notably at 1336 and 1309 cm
-1

, increased at different rates, suggesting that 

more than one species was forming. The 1336 cm
-1

 band increased initially during the first 0-8 mins of 

exposure, after which the 1309 cm
-1

 band began to increase, reaching a similar intensity to the 1336 cm
-1

 

band after 15 mins of exposure. 
 

During the first 0-8 mins of exposure to NO (Figure 2i (b)), bands were observed to increase at 1374, 

1336, 1231, and 933 cm
-1

. The vibrations at 1374 and 1336 cm
-1

 were assigned to an asymmetric and 

symmetric (O-N-N-O) stretch of a diazeniumdiolate (NONOate) species (Figure 2ii), with the (N-N) 

stretch of this species also observed at 933 cm
-1

.
19,36

 The band growing at 1231 cm
-1

 was assigned to the 

(R2N
1
-N) stretch of a NONOate species chemically absorbed to the N

1
 nitrogen site on the 

benzimidazolide anion,
36

 the same absorption site as for the carbamate species formed from CO2 

absorption (Figure S5 in SI). The vibrations at 1374 and 1336 cm
-1

 could also be assigned to the (N-O) 

stretch of a nitrosamine species, however, it has been shown that NO interacts very weakly with the IL 

and NONOate formation was more likely.
37–39 

 

After ~8 mins of exposure, the 1309 cm-1 band increased more rapidly as the growth in the 1336 cm-1 band 

slowed, indicative of the growth of a second species. Subtracting the 8 min exposure spectrum from all further 

spectra (Figure 2i (c)), highlighted that the bands correlated with the 1309 cm-1 species with a band found at 

1400 cm-1, which together were assigned to the asymmetric and symmetric stretch of a NONOate species, 

absorbed onto a second site of the benzimidazole anion, denoted the N2 position (Figure 
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2ii). It was proposed that NO could have multiple modes of binding with superbase ILs,
19

 which is in 

agreement with the greater than equimolar absorption of NO found gravimetrically in this study. Further 

bands associated with the NONOate species at the N
2
 position were observed in the 870 - 827 cm

-1
 

region, due to a shift in the NONOate (N-N) vibration upon absorption onto the second site.
19,36

 The 

faster formation of the first NONOate species, eventually followed by a second, would suggest strong 

absorption for the first site and a weaker absorption on the second site. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. i) ATR-IR subtracted spectra of [P66614][Benzim] showing 15 mins of exposure to a feed of (a) 

0.2 % NO in Ar. Further subtractions were carried out for (b) 0-8 mins and (c) 8-15 mins. n.b. The scan 

after 8 mins in (b) was further subtracted from succeeding spectra to show the formation of a NONOate 

species binding to the second site of the anion. Carried out at 22 °C with a flow rate of 15 cm
3
·min

-1
. – 

N
1
-N(O)NO – N

2
-N(O)NO. Fully labelled spectra can be found in Figure S5 in SI. ii) Depicts the 

experimentally observed, and [theoretically derived] IR vibrations, when [P66614][Benzim] absorbs NO to 

form NONOate species bound to different sites on the anion. 
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In order to confirm the proposed mode of NO absorption, DFT calculations were performed to calculate 

the binding energy of NO to a truncated [P3333][Benzim] model. The results, displayed in Table 1, show 

that the NONOate species had a higher affinity for binding to the IL, than a single molecule of NO, by 

approximately 61 kJ·mol
-1

. It also shows that a second NONOate species is able to bind to the N
2
 

position on the anion. However, the difference in energies (-49.46 vs. -91.09 kJ·mol
-1

) indicates that a 

weaker bond is formed upon absorption at the N
2
 site. The computational model strongly supported the 

infrared characterisation, with the calculated bands shown in square brackets in Figure 2ii. Furthermore, it 

was impossible to assign computationally the observed vibrations to the absorption of a single molecule 

of NO by the IL. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. i) ATR-IR subtracted spectra of [P66614][Benzim] showing exposure to a co-feed of 14 % CO2 + 0.2 

% NO in Ar for a) 0 - 0.5 mins b) 0.5 – 15 mins. Carried out at 22 °C with a flow rate of 15 cm3·min-1. – N1-

N(O)NO – N2-N(O)NO – CO2. ii) Integrated band areas for  N1-CO2 (1709 cm-1) ,  N1-NONO 
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(933 cm
-1

) and  N
2
-NONO (870-827 cm

-1
), under a co-feed of 14 % CO2 + 0.2 % NO in Ar for 0-5 

mins at 22 °C. iii) Depicts the experimentally observed, and theoretically derived IR vibrations, when 

[P66614][Benzim] absorbs CO2 and NO after exposure to a co-feed of 14 % CO2 + 0.2 % NO in Ar. 

 

NO was then studied in a co-feed with CO2. Figure 3i (a) initially indicates a rapid increase in the bands at 

1709 cm-1 (C=O), and 1281 cm-1 (N-COO-) for the carbamate species,14,16,40,41 even in the presence of 0.2 

% NO, which is probably due to the higher concentration of CO2 (14 %) in the feed compared with NO. 

This high level of CO2 absorption however, was not maintained over the time of exposure, with the 

carbamate bands then decreasing as bands due to the NONOate species binding at the N1 site increased. 

(Figure 3i (b)). The initial drop in the CO2 bands suggest the displacement of absorbed CO2 by NO. However, 

NO does not fully displace all the absorbed CO2 as a reduced, but stable, integrated band area for 

 

the carbamate C=O stretch (1709 cm-1) is observed from ~3-90 mins of exposure to the co-feed (Figure 3ii 
 

and Figure S6 in SI). A NONOate absorbed at the N2 position also increases with exposure time, suggesting 

that NO can bind to the N2 site with either a CO2 or NONOate species absorbed at the N1 site (Figure 3iii). 

The stabilisation of the integrated band intensities for the NONOate species (N1 and N2) as well as the 

 

carbamate species (Figure 3ii), show that [P66614][Benzim] can maintain capacity for CO2 absorption 

after exposure to a co-feed where NO is in low concentration, consistent with the gas absorption rig data. 
 

From the calculated energies of absorption for NONO and CO2, of -91.09 and -52.12 kJ·mol-1, respectively 

(Table 1), it would be expected that a NONOate species would be absorbed more strongly than CO2, which is 

reflected in the gravimetric results where NO binds irreversibly, while CO2 undergoes reversible absorption. 

Importantly, this trend is replicated with the anion only, implicit solvent model and also the UBP86 models 

(see SI Tables S4 S16). However, in a co-feed where CO2 is in a significantly higher concentration than NO 

(realistic concentrations for a waste gas stream applications) the two gases can compete well for absorption 

sites which reduces the expected poisoning effect of NO. The changes in the CO2 bands in the presence of NO 

indicate that as the concentration of NO in the IL increases, at a limiting concentration it can out-compete CO2 

for binding at the N1 site, due to the stronger binding of a NONOate compared to CO2. This stronger 

absorption is corroborated by the stability of the NONOate bands 
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to desorption, under Ar at 90 °C (Figure S7 in SI), where the carbamate bands are removed with little 

change in the intensity of the NONOate bands. 

 

Furthermore, since the theoretical model also shows a preference for the co-binding of CO2 and 

NONO, over that of two moles of the NONOate, it would be expected that thermodynamic factors would 

favour much slower deactivation of the IL by NO. In comparison, SO2 has a significantly higher 

exothermic absorption energy compared to CO2 (and NO) which resulted in the rapid removal of 

carbamate bands in under 5 mins of exposure to a co-feed of CO2 and SO2 in equivalent ATR 

experiments.
16

 Using the computationally derived absorption energies, the binding of the NONOate was 

assessed as being intermediate between the reversible adsorption of CO2 and the irreversible absorption 

of SO2. The strongly exothermic nature of the chemisorption of CO2, NO, and SO2, is shown in Figure 

S8 (in SI). The electrostatic potentials of the IL, coupled to each absorbate, has been analysed and shows 

the strongly chemisorbed nature of each species (Figure S9 in SI).
42

 The addition of the [P3333]
+
 

truncated cation and the inclusion of the PCM solvent correction systematically lowered all absorption 

energies. However, the general trend remains the same in all models and are replicated with both 

functionals (see S4 S16 in SI), which is to be expected because the stabilization of the anion by either the 

cation or a polar solvent will inevitably decrease the amount of stabilization obtained by the absorbate 

binding. Additionally, the absorption energies correlate very well with the amount of charge transfer from 

the IL to the adsorbate, with ordering of CO2 > NONO > SO2. Therefore, in general the lower the amount 

of charge transfer, the stronger the chemical adsorption. 
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Table 1. Gas phase absorption energies for various absorbates to a model of [P3333][Benzim] IL. All energies 

were obtained at B3LYP/6-311++G** level of theory and are given in kJ·mol-1. Enthalpies (E) and free 

energies (G) are both given, with the subscript, ZPE, representing the zero-point corrected values. 

 

 E EZPE ΔG 
    

[Benzim]CO2 -63.81 -52.12 -9.60 

[Benzim]NO -32.44 -29.61 +5.47 

[Benzim]NONO -105.95 -91.09 -33.15 

[Benzim]2NONO -76.48 -49.46 +64.46 

[Benzim](CO2)NONO -82.43 -60.35 +41.59 

[Benzim]SO2 -134.22 -123.89 -69.50 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Depicts a model of the [Benzim]- anion in a) [P3333][Benzim], absorbing b) one mole of NONO, c) 

two moles of NONO, d) one mole of CO2, e) one mole of SO2, and f) one mole of CO2 and NONO. 
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Conclusions 
 

The effect of NO on the CO2 uptake capacity of [P66614][Benzim] was characterised in this work, using 

absorption measurement techniques, a range of physical property measurements, and in-situ infrared 

spectroscopy. The absorption of NO was shown to form NONOate species with multi-site bonding to the 

[Benzim]- anion shown in the infrared, also corroborated by DFT calculations. With a co-feed of 14 % CO2 

 

+ 0.2 % NO, NO was found to have a little effect on the CO2 capacity of the IL, with [P66614][Benzim] still 

reversibly absorbing 0.72 ± 0.04 nCO2:nIL after 10 absorption/desorption cycles, showing good competition 

between the gases, however, NO was still found to bind irreversibly to the IL in small amounts over time. 

Increases in the nitrogen content and viscosity of the IL further showed the chemisorption of 

 

NO, confirmed using spectroscopic techniques (
1
H NMR, 

13
C NMR, and XPS). 

 

DFT calculations found that, for the modelled IL, the binding energy strength was in the order of SO2 >> 

N(O)NO > CO2 > NO. This correlated well with the observed results, where SO2 was previously found to 

displace CO2 from the IL, with NO absorption as a NONOate species occurring more slowly. At the 

concentrations used in this study, CO2 could compete with NO at the studied exposure times and complete 

displacement of the carbamate was not observed, in contrast to CO2 + SO2. These results indicate that an 

alternative upstream/downstream process, such as a regenerable NOx trap or SCR reaction, could be utilized in 

order to lower the concentration of NO in the feed, and lengthen the lifetime of the IL for the efficient 

absorption of CO2. It is recognised that the effects of NO2 or O2/H2O in the feed should also be considered 

 

and will be addressed in future work, however, this study has shown that [P66614][Benzim] can efficiently 

capture CO2 from waste gas streams, in the presence of NO, at realistic waste flue gas stream concentrations. 

 
SUPPORTING INFORMATION 

 

The  supporting  information  is  available  free  of  charge  on  the  ACS  Publications  website  at: 

 

http://pubs.acs.org. 

 

Experimental data of gravimetric results (Table S1); the CO2 uptake values, by [P66614][Benzim], in the 

presence of NO (Table S2) and subsequent property analysis (Table S3); NMR data, and 1H/13C NMR 
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spectra (Figure S1 and S2, respectively); XPS data (Figure S3); ATR-IR difference spectra of the 

absorption of CO2 and NO individually (Figure S4) and integrated band areas for the absorption of the 

CO2 + NO co-feed over 90 min (Figure S5); ATR-IR spectra showing desorption of the NO only feed, 

and the NO + CO2 co-feed (Figure S6); the absorption energies for various gases to models of the 

[P66614][Benzim] IL (Tables S4 to S16); Calculated IR frequencies compared with experimental 

observations (Table S17); listed cartesian coordinates. 
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Synopsis 
 

Superbase ionic liquids are shown to efficiently capture CO2 in the presence of NO under realistic waste 

gas stream concentrations. 
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