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Exceptionally High Perfor mance of Charged Carbon Nanotube Arrays for
CO, Separation from Flue Gas

Lang Liu, David Nicholson and Suresh K. Bhatia*

School of Chemical Engineering, The University afe@nsland Brisbane, QLD 4072,

Australia

We use grand canonical Monte Carlo simulation testigate the adsorption of a &R,
mixture in neutral and charged (7, 7) carbon ndmi(CNT) arrays. It is found that both the
adsorption of CQ@ and the C@N, selectivity are either enhanced or reduced when th
charges are positive or negative. The IR selectivity in a CNT bundle carrying +0.05e
charge with intertube distance of 0.335 nm excd®@@® for pressures up to 15 bar, which is
remarkably high. It is seen that strong electrastaiteractions from neighbouring CNTs
enhance the adsorption of g@ver N, and while the adsorption of Ghas complex
dependence on intertube distance, the/N©selectivity decreases with intertube spacing.
We propose a quantitative performance coefficientia aid to assessing the efficiency of
CNT bundles to separate g@om flue gas, and show that a +0.05e charged lbuwdh
intertube distance of 0.335 nm provides the bedbpeance. Further, it is found that water
vapor in flue gas imposes negligible effect on d@ldsorption of C@and its selectivity over
N, in the neutral and positively charged (7, 7) CNindiles, but dramatically reduces the
adsorption of C@and N in the negatively charged bundles.

*To whom correspondence may be addressed.  Esnalilatia@ug.edu.au. Tel.: +61 7 3365 4263




1 Introduction

The anthropogenic gas, carbon dioxide ;@ a major component of flue gas emitted from
fossil fuel burning power plants, and has beentitied as a major contributor to global
warming and climate change [1, 2]. Post-combustiapture processes, that remove and
permanently sequester ¢®om flue gas streams, have been identified asaailble solution

to stabilize the atmospheric content of {8, 4]. Among a wide range of possible post-
combustion techniques [2], adsorptive separatio@©f has been recognised as an efficient
process and has received extensive attentionsftmwt energetic penalties. Bundles of single-
walled carbon nanotubes (SWCNTSs) [5] possess Ipgliic surface area and strong host-
adsorbate interaction [6], as well as near fridges internal surfaces for transportation [7],
making them one of the most promising adsorptiotenads for capturing Cofrom flue gas.
As indicated in our previous stufB] the (7, 7) SWCNT possesses both superior atisorp
capacity for CQ and high CQCH, selectivity at atmospheric pressure and ambient
temperature, compared to amorphous carbons, adivearbon fiber-15 (ACF-15) and
silicon carbide derived carbon (SiC-DC). Simulaidoy Kowalczyk et al. [8] have shown
that the adsorption capacity of ¢ SWCNTs is a strong function of the CNT diameter
and that the adsorption capacity of £& 1.5 MPa, in tubes with optimum diameters, is
higher than that in metal organic framework-177 ®8M®O/7) [9], which is considered to be

amongst the most efficient nanoporous material€for storage.

MOFs [10], zeolitic imidazolate frameworks (ZIFs)1] and zeolites [12] have accessible
metal and cationic sites, where electrostatic adons between an adsorbate carrying a
permanent multipole and the framework make an itapdr contribution to the high
adsorption and separation selectivity for the taepecies. In CNTs, however, electrostatic
interactions with an adsorbate are negligible. Example Liu and Smit [11] found that
removing the electrostatic interactions betweenatti&rbate and the framework reduced the
adsorption of C@and the CQCH, and CQ/N; selectivities by about 50% in ZIF-68 and
ZIF-69. They also found that adsorption was enhdficeadsorbates with larger quadrupolar
moments; accounting for the increase in selectifotyCO,/N, and a decrease for GHI,
compared to selectivity in the same material withelectrostatic interactions. GOand N
have quadrupole moments @8.4x 10%°, 4.7x10* Cnt respectively [13]. Therefore
altering the charge distribution in CNTs shouldngfigantly affect the selectivity for CO

over Nb.



The electrical conductivity of CNTs indicates thiay can be charged and discharged easily,
which has already been exploited for electric swadgorption (ESA) of C& utilizing the
direct Joule effect (resistance heating) to heat addsorbent [3]. Both experiments and
simulations [14, 15] have demonstrated that do@iNg s with an electron donor or acceptor,
such as potassium or bromine, bestows a negatipesitive charge, and that the magnitude
of the charge can be as high as 0.1e per carbom dtiee charge that transfers to a carbon
atom can be further adjusted by changing the @Htidopant atoms to carbon atoms [16]. In
addition, mounting the CNTs as the electrode ohpacitor [17], employing femtosecond
layer pulses [18] or utilizing a charge injectioretihod [19] provide alternative ways to
charge the CNTs. In their simulation study, Dengldil6] reported that with a doping ratio
of Li:C =1:3 in a (10, 10) hexagonal CNT bundle ingvan intertube distance of 0.9 nm,
hydrogen adsorption was achieved as 6.0 wt% atb@id room temperature; which is one
order of magnitude higher than that in the neu@dIT bundle and only slightly below the
DOE standard of 6.5 wt%. In the simulation studyRahimi et al. [20], in which charges
were assigned to each carbon atom in a bundle5ohith diameter single-walled carbon
nanotubes, it was found that positive surface aarthanced the adsorption of pure.@®

up to 35%, while negative charge suppressed adsorpgfonversely, Simonyan et al. [21]
found that the adsorption of hydrogen was enhanceagatively charged CNT bundles but
suppressed in positively charged bundles.

In the studies cited above [16, 20, 21] althoughdfiects of surface charge on adsorption of
single species in CNT bundles are reported, thailddtmechanism has not been explicitly
investigated. For instance, is it the surface obarg the CNT within which the adsorbed
molecules lie that plays a major role in enhan@ngpressing the adsorption inside the CNT,
or is it the surface charge on the neighbouring €Mkt plays a dominant role? Molecules
with non-zero quadrupole moment, such as, @@d N, lose configurational freedom (i.e.
entropy) to achieve the minimum potential energyfiguration and adsorb into the charged
CNT [20], while the additional adsorbate-CNT elestatic interactions affect the adsorption
energetically. It is critical to understand the pertive effect between the entropic and
energetic effects arising from the surface chaagethe adsorption generally shows opposite
dependence on the positive and negative chargegewnof similar molecular configurations
and non-zero quadrupole moments of,G@d N, it may be anticipated that the effect of
surface charge on the CNT on the adsorption of panegponent C@and N will be similar;

however, no study of the effect of surface chargette performance of CNT bundles in



separating C@from flue gas (C@N, mixture) has been made to date. Indeed, it is show
here that the mixture adsorption isotherms ob@ad N (for mole ratio of CQN»=20/80 in

the gas phase) demonstrate opposite dependenceeosutface charge, and the @
selectivity is dramatically enhanced/suppressedoasitively/negatively charged bundles
compared to the neutral bundle. Further, littlkim®wn about how the cooperative effect
between the adsorbate-CNT (neutral and charged LMifaractions and the adsorbate-
adsorbate interactions influences the dependenc€®fN, selectivity on the mixture
pressure. The physical insights pertaining to these® other relevant issues are obtained in
detail in this work. Since both adsorption capaeityl selectivity determine the performance
of the adsorbents, we propose a weight coeffidiemissess the performance of charged CNT

bundles in separating G&om flue gas.

2 Simulation details

The adsorption of C&N, mixtures in the neutral and charged (7, 7) CNTdbes has been
investigated. Bundles of single-walled CNTs weremrged in a hexagonal lattice. The
atomistic configuration of a unit cell comprising /) CNTs with an intertube distance of 0.5
nm is illustrated in Figures 1 (a) and (b). Theeitube distanc®, between two adjacent
CNTs is defined by subtracting the diametdr, of the CNT from the center to center
distancel , between these two CNTs. Hed=I| —d; the diameterd =0.95 nm, of the (7, 7)
CNT is defined as the center to center distancevd®at two opposite carbon atoms of the
CNT. The angles between three neighbouring CNTseWixed at, 66, We varied the
intertube distance of the hexagonal arrays fron3®1® 1.5 nm to determine the optimized

intertube distance. The dimensiohgx L, xL,, of the (7, 7) CNT arrays, within the axial

direction, were 2.57x44% 5.0 , 290x25% 50 , 3.90x 3.3& 5.0 and
4.90x 4.25¢ 5.0nm’ respectively, corresponding to the intertube distan0.335, 0.50, 1.0

and 1.5 nm.

The CNTs were treated as rigid structures with anlaed-Jones (LJ) C-atom at each site,
with o, =0.34nm, &. / k; = 28K [22]. In the charged bundles, charges of either, 0.0

+0.01, +0.02 or +£0.05e, were placed on each carbon atom. The W& modelled by the
EPM2 linear model of Harris and Yung [23] with 3 &ides and a quadrupole represented
explicitly by point charges on each atom. Nitrogeas modelled by two LJ nitrogen atoms

each carrying a negative charge, with a balancivgjtipe charge located at the center of



mass of the molecule [24].The parameters of the GNJ andN; are given in Table 1. The
potential energy of interaction between individaddms is expressed as a sum of LJ and

electrostatic terms by:

(@) \? @B)\° aq B

u'@h) = gg@-p) Gj _ O + 1 q q; 1)

ij i @.B) @.B) @,B)
I r; 47, r;

where the first term on the right hand side represéhe dispersive and Pauli overlap
repulsive interactions, and the second term cooredp to the electrostatic interactions.

rij(””’”) is the distance between two sitemndj on moleculesr andg, andg;” and C{j/'? are the

partial charges on sitesndj of moleculesr and g. & is the permittivity of free spac&he

cross parameters were estimated using the Lorestth&ot combining rules [25].

Figure 1. (a) Atomistic configuration of the (7, 7) CNT bueadvith an intertube distance of
0.5 nm. (b) Schematic view of the elementary uelit @af the CNT bundles.

GCMC simulations were used to study the adsorpifd@O,/N, mixtures in CNT bundles, at
300 K, with a total pressure of up to 15 bar. Réddoundary conditions were applied in all
directions. A cut-off of 1.2 nm was applied to the potential, and Ewald summations were
used to correct the long range electrostatic iotemas with a cut-off of 1.2 nm in real space.
As the electrostatic interactions between the car@ioms in the CNT are neglected, and
individual fluid molecules are electrically neutréte fluid-fluid and the fluid-charged CNT
electrostatic interactions converge at infinite talige. Therefore, applying the Ewald
summation method to correct the long range ele@ttios interactions throughout our

simulations is justified.

The CQ/N, mole ratio in the gas phase was set as 20/80lasitoi that in flue gases. The
corresponding individual fugacities used in thewdations were determined from the Kunz
and Wagner [26] natural gas equation of state. dtain the isotherm, simulations were run



for at leas6.0x 13 cycles (each cycle having N configurations, wherés the amount of
molecules adsorbed, with minimum of 20), with thstfl x 10°cycles used for equilibration.
In addition, since flue gases are generally sagdratith water, we also investigated the
adsorption of a C@N,/H,O ternary mixture saturated with water (bulk compos is
C0»:N2=20:80 with HO at its saturation pressure, 3.537 kPa at 300 Keutral and charged
(7, 7) CNT bundles with the intertube separatio® &35 nm. The SPC model was used to
describe the water-adsorbate and water-CNT intera;twith the parameters of SPC model
given in Table 1. The GCMC simulations for the seynmixture saturated with water were
extended to at least 1.5¥16ycles with the first 5x10for the equilibration.

It is found in our simulations for the (6, 6) (diater = 0.81 nm) and (10, 10) (diameter
=1.356 nm) CNT bundles, both neutral and charg€d0ge), with an intertube distance of
0.335 nm, that the adsorption capacity and theragpa selectivity for C@are both lower

than in the corresponding (7, 7) bundles, at 1rGabd 300 K. In what follows, we therefore
focus on the (7, 7) CNT bundles, as either deangasr increasing the diameter of the

(neutral or charged) CNT reduces the performanseparating Cofrom flue gas.

Table 1. Lennard-Jones parameters, partial charges, coafignal parameters and quadrupole
moments for the CNT, CGand N and HBO.

LJ parameters Molecular model
Molecule atom ¢/ k J (nm) X(mm) Y(nm) Z(nm) Charge quadrupole
K B (e) moment
(K) (Cm?
CNT C 28.0 0.34
CO, C 28.129 0.2757 0.0 0.0 0.0 0.6512 13.4x 10%[13]
) 80.507 0.3033 +0.1149 0.0 0.0 -0.3256
N> N 36.0 0.331 +0.055 0.0 0.0 -0.482 4.7x10%[13]
COM 0.0 0.0 0.0 0.0 0.0 0.964
H,O H 0.0 0.0 +0.081649 0.05773 0.0 0.41
0 78.205 0.3166 0.0 0.0 0.0 -0.82

3 Resultsand analysis
3.1 Effect of charge on the adsor ption of CO,/N, mixtures

Figures 2(a) and (b) show the adsorption isothdam€0O, and N in neutral and charged (7,
7) CNT bundles with 0.335 nm intertube distanc8Cft K. The C@N, mole ratio in the gas
phase is 20/80. At pressures below 15 bar, adsorminly occurs inside the nanotubes,
because the intertube spacing is too narrow to tagror CQ. It is seen that CQOs always

preferentially adsorbed in the neutral and chaged's over N as a consequence of stronger



affinity with the carbon wall [27] and larger quagole moment than the,NNevertheless,
the isotherms of COand N show different dependencies on the sign of théasercharge.
While increasing the positive or negative chargbagces or suppresses the adsorption
capacity of CQ, N, shows the opposite trend. For example, at 1.0 Wwhen the surface
charge is increased from 0.0 to +0.05e, the amol@O, adsorbed increases from 1.67 to
2.38 mol/kg while the amount of,Ndsorbed decreases from 0.08 to 0.007 mol/kg. iRs w
be subsequently discussed, the significant enhastein the adsorption of GQOn the
positively charged CNT bundles is due to the addéal CQ-CNT coulomb interactions, and
the reduction in the adsorption of ¢ a consequence of the competitive adsorptiowdsst
CO; and N. On the other hand, the reduction in the adsamptib CQ in the negatively
charged CNT bundles is a result of losses in tladable adsorption volume and the entropy,
while the enhancement in the adsorption gfi?lNdue to enhanced adsorption space left by
CO, and smaller loss in configurational freedom coradaio that for C@ A similar trend
was found in neutral graphitic slit pores and thituence of rotational hindrance was also
noted [28].
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Figure 2. Adsorption isotherms at 300 K, of (a) ¢@nd (b) N. (c) CQ/N; selectivity in
neutral and charged (7, 7) CNT bundles with integtgseparation of 0.335 nm. The £/
mole ratio in the gas phase is 20/80.



The equilibrium selectivity is defined 4 /'y, )/(xj/yj), where x, and y, are the mole

fractions of componentin the adsorbed phase and gas phase [6]. Sincaddwption of
CO; is enhanced in the presence of a positive chardetaat of N diminished, the C&N,
selectivity is dramatically improved, comparedhe hegatively charged or neutral arrays. As
shown in Figure 2(c), the equilibrium G, selectivity increases or decreases when the
applied charge is positive or negative comparedh&t in the neutral CNT. The GO,
selectivity exceeds 1000 in the (7, 7) CNT bundleyng a charge of +0.05e at pressures up
to 15 bar, and reaches a value of 1348 at atmaspperssure and ambient temperature.
Table 2 lists the C&N, selectivity in 22 other adsorbents studied inliteeature [10, 11, 31-
38], including MOFs, ZIFs, zeolites and activatedbons. The selectivity of GIN, in the
+0.05e charged (7, 7) CNT bundle with an intertdiance of 0.335 nm at 1.0 bar and
ambient temperature is superior compared to allother materials reviewed. For example,
the CQ/N; selectivity in the +0.05e charged (7, 7) CNT bendl more than twice of that in
metal-organic framework (rho-ZMOF), which has bentified as a promising material for
flue gas separation due to its unprecedentedly 6@}N, selectivity [10]. It is interesting

to note that the selectivity of G, generally increases with pressure, except in thalle
with surface charge of +0.05e, in which the 1N selectivity decreases with pressure. The
high selectivity performance of the charged CNs&ligd here is highlighted by comparing
them with other carbon adsorbents; for example, @essure of 1.0 bar the amount adsorbed
in the charged nanotube is 2.38 mol/kg compare@l38 mol/kg and 0.42 mol/kg in neutral
ACF-15[29] and SiC-DC [30] respectively.

Since activated carbons can also be charged, we ihaestigated the potential of charged
CNT bundles relative to the charged amorphous aed/ carbons. Figure S1 depicts the
adsorption isotherms of components, C&hd N (bulk composition is 20/80), and the
CO./N; selectivity in the neutral and +0.05e charged BIC-[6, 30], at 300 K. The LJ

parameters of SiC-DC are. =28.0K and J. =3.4 nm. Attributed to the enhanced

adsorption volume in SiC-DC, the adsorption of 0@ +0.05e charged SiC-DC becomes
higher than that in the +0.05e charged (7, 7) CNimdbe with the intertube separation of
0.335 nm when the pressure is above 0.75 bar ak3@hn the other hand, the amounts of
CO, adsorbed in the neutral and -0.05e charged SiGii@@enerally lower than those in the
corresponding (7, 7) CNT bundles except at thespres above 10.0 bar. This is mainly a

consequence of the reduced adsorbate-adsorberdcin@s in the neutral and negatively



charged SiC-DC with respect to the counterpartghim (7, 7) CNT bundles [6]. The
molecular configuration and pore size distribut@nSiC-DC are depicted in Figure S1 (d)
and the way of determining the pore size distrinutivas provided in our previous study [6].
Nevertheless, the G, selectivities in the neutral and charged SiC-D€ always far

below those in the corresponding (7, 7) CNT bundMsasured with the comprehensive

performance coefficientA,, proposed in section 3.4), the performances ofrakand +0.05e

charged (7, 7) CNT bundles in separation,@©m flue gas are 6.2, 31.32 and 15.38 times
better at 1.0 bar and 4.25, 10.27 and 2.62 tim#srba&t 15 bar, than the corresponding SiC-
DCs. However, in the neutral and negatively chaig€iDC, the adsorption of GIN; is far
away from saturation, such that the components, @@ N, do not compete for the
adsorption volume. Consequently, the adsorptio6@f and N in SiC-DC are both reduced
by the negative surface charge, which differs ftbat in the negatively charged (7, 7) CNT
bundle with intertube separation of 0.335 nm, incwhithe adsorption of Nis enhanced by
the negative surface charge as a result of redadsarption of C@while gaining additional
adsorption volume. Accordingly, the adsorption ofidlenhanced in the positively charged
SiC-DC compared to that in the neutral SIC-DC wtten pressure is low, which is mainly
attributed to the WSIC-DC additional coulomb interactions, and isueed at high pressures
as a result of competition between £&nhd N for the adsorption volume. Nevertheless,
while the adsorption of COand N are reduced in the negatively charged SiC-DC, the
narrow pores become more relatively favourabldgteradsorption of C&N, mixture than in
the neutral SIC-DC. It is expected that the effettnegative charge on reducing the
adsorption is weaker in the narrow pores with respmethe large pores, which is because the

LJ interactions are more prevalent than the elstdtic interactions in the narrow pores

considering the LJ interaction scalesraswhile the electrostatic interaction scalesrds In
addition, the diameter of Gs smaller than that of ;Nas given in Table 1. Therefore €9
able to occupy the narrow pores which are not adolesfor the N. Consequently, this
molecular sieving effect for CQver N, is more prevalent in the negatively charged SiC-DC
than in the neutral SiC-DC, and the Ziyselectivity is enhanced by the negative surface
charge relative to that in the neutral SIC-DC wiltlea pressure is low as the adsorption
mainly occurs in the narrow pores, and is redudtat &5 bar as the adsorption shifts to the
large pores. However, a more detailed and systensaidy of the adsorption of GMI»

mixture in amorphous carbons is out of the scopgbd®turrent work.



Table 2. COJ/N, selectivities in different nanoporous materiald.@tbar

Material mole ratio of Temp (K) Selectivity Reference
CO,/N,

Cu-BTC 15.6/86.4 298 20 [31]
IRMOF-1 10/90 298 7 [32]
MOF-508b 50/50 303 4 [33]
roh-ZMOF 15/85 298 500 [10]

MgMOF-74 15/85 300 220 [34]
mmen-CuTTri 15/85 300 400 [34]
MOF-177 15/85 300 3.5 [34]
ZIF-68 15/85 298 14 [11]
ZIF-69 15/85 298 25 [11]
MFI 15/85 300 10 [34]
FAU-SI 15/85 300 6 [34]
Silicalite 10/90 308 30 [34]
ITQ-3 10/90 308 70 [35]
JBW 15/85 300 600 [34]
AFX 15/85 300 250 [34]
NaX 15/85 300 180 [34]
DDR 50/50 298 24 [36]
LTA 50/50 298 11 [36]
Na-4A 20/80 298 16.5 [37]
C168 21/79 300 180 [38]
ACF-15 20/80 300 13 This work
SiC-DC 20/80 300 11 This work

It was shown by Jiang and Sandler [38] in theirudation work that both the adsorption of
pure CQ and the C@selectivity for the C@N, mixture (bulk composition is 0.21:0.79) in
the GegSchwarzite were significantly larger with the aliicnpotential for the Gsgthan with
the Steele potential for theiég This implies the adsorption and selectivity of Q&n be
potentially enhanced in the case where the interactf the adsorbate with the CNT is
enhanced, such as in the multiwalled carbon naedbuindles [39] or the CNT with dopants
having stronger affinity. Figure 2 demonstratest tiemhancing the the electrostatic
interactions of the adsorbate with the positivélgrged CNT enhances the adsorption of CO
and CQJ/N, selectivity noticeably. Additionally, it is fountoth the adsorption and the
selectivity of CQ in the neutral and positively charged CNT bundfesease significantly
with the adsorbate-CNT LJ interactions, which iglent in Figures S2 (a) and (b). To reveal
this, two alternative sets of the LJ parametergthas the Steele potential are considered for
the CNT, which are &./k;=28.0x0.8= 224k , o.=34 nm and

E.1ky =28.0x 1.2= 33.6 K, J. =3.4nm. The adsorption isotherms of €@nd CGQ/N,

selectivities in the neutral and +0.05e charged 7)/,CNT bundles with different LJ

10



parameters are depicted in Figure S2. Moreoves ihteresting to note that the relative
enhancements in the adsorption of Gdd the C@N, selectivity in the positively charged
CNT bundles relative to those in the neutral CNThdles are reduced when the LJ
interactions of the adsorbate with the CNT are eoéd, evident in Figures S2 (c) and (d).
This is because the coulomb part of the adsorbBf€-Gnteractions makes smaller
contribution to the overall interactions when th@ tomponent of the adsorbate-CNT
interactions is more prevalent. In summary, bothdallsorption and selectivity of G©Gould

be enhanced/reduced in the case where the adsadsigbent interactions are
strengthened/weakened. It is shown that the pedoces of the neutral and charged CNT
bundles in separating G@&rom flue gas predicted in our simulations areialty sensitive to
the force filed parameters used to capture therbds®s CNT interactions. In other words, the
performance of the CNT bundle in separating,@©Om flue gas could vary significantly
when the CNT carries different dopants and stratefects [40-42].

3.2 Effect of charge on adsorbate molecular configurations

Figure 3 and Figure 4, show the orientation angtdiles and the radial density profiles at
1.0 bar, for CQ and N in the (7, 7) CNT bundles carrying different clesg The
corresponding orientation angle and radial densibfiles at 15 bar are given in Figures S3
and S4, and show that similar configurations aradbat both low and high pressures. The
orientation angled, is defined as the angle between the molecular axi the axis of the
CNT.
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Figure 3. Orientation angle profiles, at 1.0 bar 300 K of GD,, and (b) N in (7, 7) CNT
bundles carrying different charges. The intertséygaration is 0.335 nm.
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spheres are the oxygen and carbon atoms of @@l the blue and pink spheres are the
nitrogen atom and center of mass @f N

As illustrated in Figures 3 (a) and (b), the or&inin angles, both for GQand N, increase
with increasing positive charge or decrease witlngasing negative charge. At the maxima

in the CQ density profiles, the mean orientation angles 05,€ g,, >, are 17, 55’ and 73

for surface charges of -0.05, 0.0 and +0.05 eth&ssurface charge changes from negative to
positive, the molecules tend to tilt away from tha@ll and to span the pore as the negatively
charged atoms become more strongly attracted tpdbitive surface charges. Consequently,
the radial position of the center of mass of thensh@nt component, COshifts towards the
center of the CNT. The mean orientation angled\foat the maxima in the density profiles
are:< g, > = 44, 54 and 67 for surface charges of -0.05e, 0.0e and +0.05éenthe

surface charges are negative the energeticallgpesf orientation is parallel to the CNT axis,
leading to larger footprint in the axial directioof the CNT and reduced entropy
(configurational freedom) for CQOmolecules compared to that in the neutral andtipebi
charged CNT bundles, demonstrated in Figures 3(@)yéc) [28]. Since the remaining axial
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space is too small to accommodate further adsoricCG in the negatively charged CNTSs,
a CQ molecule with larger orientation angle has a sendtbotprint in the axial direction in
the (7, 7) CNT, and can efficiently take up thecgpa the neutral and positively charged
CNT bundles. The size of a G@olecule is 0.5331 nm in the axial direction asd.i3033
nm for the diameter. Additionally, the central spatthe neutral and positively charged (7, 7)
CNT becomes available for the adsorption of til@@, molecules, providing additional
rotation and radial translocation freedom for th@, @olecules, i.e. enhanced entropy for the
CO, molecules, compared to in the negatively charghid Gundles, evident from Figures
4(a) and (c).

—O— CO,-CNT Coulomb

-10 4 —A— N,-CNT Coulomb
—@— CO,-CNTLJ
-15 1 —A— N,-CNTLJ

A A A A , A —A

interaction energy (kJ/mol)

-30 1 .#4,,,,~/o-0~4’-'**"""“"
-35 T T T T :
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

charge (e)

Figure5. Variation of the LJ and electrostatic interactioessus the surface charge, at 1.0
bar and 300 K, for C&CNT and N-CNT pairs in CNT bundles carrying different chasge

20

15 A

10 A

coulomb interaction (kJ/mol)

0 10 20 30 40 50 60 70 80 90
orientation angle 6 (deg)
Figure 6. Variation of the C@CNT and N-CNT electrostatic interactions with orientation
angle in the (7, 7) CNT bundle carrying -0.05e geaiThe molecules are fixed at positions
r = 0.0384 and 0.0845 nm for G@nd N respectively, withr =0 being the center of the
central tube of the CNT bundle. A schematic of @@, molecule located at the center of a
unit cell of the single (7, 7) CNT is provided fasualization.

The ensemble averaged adsorbate-CNT interactions eetermined by averaging over the

interactions for all the molecules of a given speciFigure 5 shows that the LJ interactions
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for CO,-CNT and N-CNT are always attractive, and almost invariantewhhe surface
charge is changed from -0.05e to +0.05e. Thetstigbrease in the GECNT LJ interactions
occurs because the G@olecules shift slightly, away from the potentalergy minimum at
the wall (Figure 4(a)). However, the electrostatiteractions between Gr N, and the
nanotube both vary strongly with the change in sheface charge; especially when the
charge is positive. The LJ interactions therefuage negligible influence on the molecular

configuration of the adsorbate.

—@— CO,CNT,0.0e —O— N,-CNT, 00 e (a)
—A— CO,CNT, +0.02e —A— N,-CNT, +0.02 e
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-20 %ié:ﬂ;:%
R D

-40 ’..././—.\_.
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Figure 7. Variation of the interaction energies includihg t.J and electrostatic components
with pressure at 300 K, in (7, 7) CNT arrays cargyidifferent charges. The intertube
distance is 0.335 nm. (a) Adsorbate-CNT, and (Bpdzhte-adsorbate interactions.

When the C@Q and N molecules are aligned parallel to the axis of ribgatively charged
CNT, increasing the surface charge strengthensdpelsive adsorbate-CNT electrostatic
interactions, as demonstrated in Figure 5. Calicuia of the electrostatic interaction for a
single molecule located in the central tube ofGNT bundle carrying charges of -0.05e with
the whole bundle, show that the repulsive intecsctiecreases with the orientation angle and
tends to diminish at the orientation angle 0°, evident in Figure 6. In this calculation, the
radial positions for the centres of mass (COMs) ewerfixed at
loco, =1 ~0c0 ~lc5=0.0384 nand r,, =r—0_ ~ly.y =0.0845 nn, where o._, and
o._, are the LJ diameters between the carbon atom i€HiEand the oxygen in the GOr
the nitrogen in the N I._, (=0.149 nm) is the C=0 bond length amg ,, (=0.055 nm) is the
distance between the COM and a N atom, grel0.0 denotes the center of the central tube

of the CNT bundle. As shown in Figure 3 (a), whiee magnitude of the negative surface

charge increases from 0.0 to -0.02e, the ensemkl@ged orientation angle of @q9c02>
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decreases, so increasing the magnitude of the imegetharge overrides the decrease in
repulsion due to reduction in the orientation anglewever, when the magnitude of the
surface charge further increases to -0.05e, thactexh in the repulsion due to reduced
orientation angle dominates over the effect of easing the magnitude of the negative
charge. Consequently, the repulsion arising from @Q-CNT electrostatic interactions
reduces. The NCNT electrostatic interactions have a much wealegpendence on the
orientation angle because of its weaker quadrupatel, hence, the repulsive,-RNT
electrostatic interaction always increases withrttagnitude of the negative charge. Since the
CO,-CNT interactions vary only slightly with increasadgative charge, but the orientation
angle and the entropy of G@re noticeably reduced, it may be concluded thiatreductions

in the orientation angle (i.e. enlarged footprintthe axial direction of the CNT) and the
associated configurational freedom of O@ainly account for the reduced adsorption of,CO

in the negatively charged (7, 7) CNT arrays.

From Figures 5 and 6 it is confirmed that the perarientation is the most energetically
favourable configuration for the adsorption of £&hd N in the negatively charged CNT
bundles. Regarding this, a single nitrogen molecale occupy a given axial location that is
not available for a parallel orientated £@olecule leaving ample space fos. NDue to the
reduction in the adsorption of G@nd the enhanced fraction of adsorption spacélfpthe
amount of N adsorbed is enhanced by a negatively chargedcsurfa addition, Figure 6
also emphasises the fact that the entropy lossadaenstraining the orientation angle of the
adsorbate to achieve the energetically preferredignration in the negatively charged CNT
bundles is much weaker for the Molecule than for the GOnolecule. In other words, there
is a higher configurational freedom for the M adsorb in the negatively charged CNT
bundle in comparison to the GOConsequently, the GIN, selectivity is reduced by a
negatively charged surface. Nevertheless, incrgasive positive charge increases the
orientation angles of COand N as well as the adsorbate-CNT electrostatic intenas for
both components. When the surface is positive, BQlecules have greater tendency to span
towards the center of the pore and distribute &l inside the CNT, compared to the
neutral and negatively charged bundles, evidemt frigures 3 (a) and 4 (a) and Figures S3(a)
and S4(a). Although there is entropy loss for,@@lecules in the positively charged bundles
compared to that in the neutral CNT bundles, theica molecular configuration of GO
molecules renders smaller footprint for £@ the axial direction of the CNT and facilitates

tighter packing, evident from Figures 3(a) and ¥&@ad (c). Moreover, there are significant
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additional adsorbate-CNT electrostatic interactionthe positively charged bundles, and the
CO,-CNT electrostatic interactions are much greatet mtrease more rapidly with the
surface charge than the weaker (See Table 1), as the quadruple moment of GOnore
significant than that of N[13]. As a consequence, increasing the positiageg prompts the
adsorption of C@while dramatically reducing the adsorption gfduie to the significant loss
in the available adsorption volume fok.Nrhis effect achieves a maximum at the surface
charge of +0.05e, at which GOnolecules distribute almost vertically in the CNihd
experiences the strong GGNT attractive interactions. In brief, the enhaheelsorption of
CO, and the C@N, selectivity in the positively charged CNTs is ansequence of the
additional CQ-CNT coulomb interactions and the tightly packingvertically distributed
CO, molecules in the CNT.

The pressure dependence of the interaction energasding the LJ and electrostatic
components is shown in Figure 7, in which the erdenaveraged adsorbate-adsorbate
interaction is defined as the summation of the radigons of the target species with
themselves and with the other species. While tisorbdte-CNT (C@CNT and N-CNT)
interactions including the LJ and electrostatictpamry very little with pressure, there is a
stronger dependence of the adsorbate-adsorbatgyenéfhen the CNT arrays are neutral or
negatively charged, the G@dsorbate and MNadsorbate interactions both increase quite
strongly with pressure; the G@dsorbate interactions being much greater anceasang
more rapidly than the Nnteractions. Consequently, the adsorbate-adsorb#tractions
further facilitate the adsorption of G@ver N at high pressures, and the £y selectivity
increases with pressure in the neutral and nedgatlgarged CNT arrays. Similarly, the
CO,/N; selectivity increases with pressure in the posiyivcharged CNT arrays when the
surface charge is below +0.02e, as is evident frignre 7. However, at the surface charge
of +0.05e, the adsorption of GGpproaches saturation at very low pressure, shah t
increasing the pressure enhances the adsorptid®Opfby further packing the vertically
distributed CQ molecules, and the G&dsorbate interactions subsequently increase only
slightly with pressure below 10 bar and decreaser dhat. Since the available adsorption
space left for N is not further reduced noticeably by €®ith increase in pressure as the
adsorption of C@occurs mainly by tighter packing, the Rolecule has greater chance to
adsorb into the fraction of space that is not add at low pressure. As a consequence, the
CO,/N; selectivity decreases with increase in pressunemwhe surface charge on the (7, 7)

CNT array reaches +0.05e.
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It is seen in Figure 7(b) that when the pressuteiew 0.5 bar and the adsorption of XD
mixture is far away from saturation, the £&dsorbate interactions increase with increasing
positive charge and are stronger than those innthdral CNT bundle. However, as the
pressure increases, the adsorption of the/llOmixture in the positively charged bundles
approaches saturation more quickly compared to ithahe neutral bundle, so that the
adsorbate experiences dramatically enhanced repulsiteractions from the nearest
neighbours and weakly enhanced attractive intemastirom the distant adsorbate molecules.
In such case, while the adsorption of Ci@creases with the positive surface charge via
tighter packing, the C&adsorbate interactions conversely decrease witle@sing positive
charge, and are generally weaker than those inght&ral bundles. The reason for the weaker
adsorbate-adsorbate interactions in the negatsieyged bundles is mainly attributed to the
weak adsorption of CAN, mixture, in comparison to neutral bundles.

3.3 Effect of intertube distance on the adsor ption of CO2/N, mixture

The adsorption isotherms of G@nd N for the CQ/N; binary mixture (with a mole ratio of
20:80 in the gas phase) and the @ selectivities at 300 K, in the (+0.05e) positively
charged (7, 7) CNT arrays with intertube distancasging from 0.335 to 1.5 nm, are
depicted in Figure 8. The adsorption capacities lsaneither enhanced or reduced with
increase in the intertube distance, but the /8@ selectivity is reduced monotonically.
Specifically, the C@N, selectivity reduces from 1348 to 33.3, more thae o@rder of
magnitude, as the intertube distance increases @@35 to 1.5 nm at 1.0 bar and 300 K.
This is because increasing the intertube distanmeges additional volume but weakens the
adsorbate-CNT interactions. The adsorption ob/8@mixture in CNT bundles is therefore
determined by the competition between the additipravailable adsorption volume in the
interspace and the reduced adsorbate-CNT interactiblowever, since the adsorbate-CNT
interactions decrease with intertube distance mapglly for the CQ-CNT case than for N
CNT, increasing the intertube distance reduces GkB/N, selectivity in the positively
charged CNT bundles. Figure 9 depicts the ovemsdiraction energies including the LJ and
the coulomb components of adsorbate {@&@d N) with the CNT for the adsorbate inside
and outside the CNT in the bundles with the intagtdistances ranging from 0.335 to 1.5 nm,
at 1.0 bar and 300 K. Similar adsorbate-CNT intgwas are observed for the adsorbate
inside and outside the CNT at high pressures. apsmot of the configurations of the &R,
mixture adsorbed in the (7, 7) CNT bundle carryi@g05e charge with intertube distances of
0.335, 0.5, 1.0 and 1.5 nm, at 1.0 bar and 300ekshown in Figure S5.

17



At the low pressures below 1.0 bar, the maximunogd®n of CQ is always achieved in
the CNT bundle with an intertube distance of 0.5 because in this case the interactions
outside the tubes are almost as strong as thogke ititee tube and are comparable to those
inside the tube of the CNT bundle with=0.335nm, as shown in Figure 9. Consequently,
the amounts of CQadsorbed inside and outside the CNT are almosileghbserved in our
simulations. Due to the additional adsorption spauiside the tube, the adsorption of ibl
also enhanced in the bundle with intertube distadee0.5nm, compared to that in the
bundle withd =0.335nm.
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Figure 8. Adsorption isotherms at 300 K in the +0.05e chdr@g 7) CNT arrays with
intertube separations ranging from 0.335 to 1.5 @nCQ, and (b) N. (c) Variation of the
CO,/N; selectivity with pressure. The mole ratio of £I is 20/80 in the gas phase.

At the intertube distance of 1.0 nm, although theranore adsorption space the CNT
interaction with the adsorbates is weaker. Howewbe adsorption of COis still
significantly higher than that in the bundle with=0.335nm due to the significantly
enhanced adsorption volume. As a consequence o€iregdthe adsorbate-CNT interactions

the adsorption of N becomes more prevalent, and the .0 selectivity is reduced.
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Moreover due to the additional adsorption space moderate BWCNT interactions, the
adsorption of N achieves its maximum in the bundle widf=1.0nm at low pressures,
among all the +0.05e charged CNT bundles considefidte minimum adsorption of GO
and the second highest adsorption gfilthe low pressure regime were observed in the
bundle withd =1.5nm.
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Figure 9. Variation of the overall interactions at 1.0 bad&800 K with +0.05e-charged (7,7)
CNT arrays, for C@and N, for adsorbate located inside a CNT, or in therinbe space.

At higher pressures, while the adsorption of,GXdd N approach saturation in the CNT
bundles with intertube distances of 0.335, 0.5 h0@dm, it increases rapidly in bundles with
larger intertube distance due to the additionabgatgon space in the intertube space. Since
the adsorbate-CNT interactions are much weakenarbtindle withd =1.5nm than those in
the bundle withd =1.0nm, the CQ selectivity is lower. However, as a balance betwie
adsorption volume and the adsorbate-CNT interastitile maximum adsorption of G@&
achieved in the bundle with=1.0nm. Eventually, the cross interactions (includihg t.J
and coulomb parts) between the adsorbate molec¢ugede and outside the CNT have
negligible effect on the adsorption of @8, mixture inside and outside the CNTs. In our
GCMC simulations, we calculated the ensemble awsragteractions of each adsorbate
species located inside/outside the CNT with theodmide (CG+Ny) located outside/inside
the CNT. The estimated ratios of the interactioesveen the internal/external adsorbate
species and the external/internal adsorbate ,{8g) to the interactions of the
internal/external adsorbate species with host en+#0.05e charged (7, 7) CNT bundles with
different intertube distances are depicted in F@g86. It is seen, both at the low and high

pressures, the cross interactions are negligibigpaned to the corresponding adsorbate-CNT
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interactions. In addition, the same trends are robsein the neutral and negatively charged
(7, 7) CNT bundles.

The interspace formed by neighbouring CNTs is theerstitial channel among three
neighbouring CNTs and the groove space betweeropposite CNT surfaces. Intriguingly,
as the intertube distance increases, the mostdhiespace for the adsorption of £dutside
the CNT shifts from the interstices to the grooypace, leaving the interstices as most
unfavourable space for the adsorption. Figure Xfvshthe density distributions of G@n
positively charged (7, 7) CNT arrays, for intertubstances ranging from 0.5 to 1.5 nm, at
10 bar. When the intertube distance is increas&dstmm, adsorption of the GO, mixture
outside the CNT only occurs in the interstices. lde&r, when the intertube distance
increases beyond that, ¢@dsorbs at the external surfaces with a highesrbdte density in
the groove space. For instance, at the intertuiamte of 1.0 nm, two adsorbed layers are
observed in the grooves at 10 bar. One can expat;tdt the low pressure, the adsorption of
adsorbate preferentially occurs in the positionw/laith the adsorbate-CNT interactions are
strongest. In this regard, Figure 9 also revdadact that the internal space in the positively
charged (7, 7) CNT arrays is always more enerdstit@a/orable for the adsorption of GO
compared to the interstice and the groove spacis. ddnclusion generally applies in the
neutral and negatively charged bundles as wellh wite exception of the -0.05e charged
bundle withd =0.5nm, in which the interactions of adsorbate-CNTddsorbate inside the

CNT are slightly lower than those in the intersdice
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Figure 10. Density distributions at 10 bar and 300 K for 06 (7, 7) CNT arrays carrying
+0.05e charge, forh intertube distances of (a)nd5 (b) 1.0 nm and (c) 1.5 nm. The dark
solid circles represent individual CNTs. The spgaised to map the density distributions is
0.05 nmin X and Y dimensions.

0 =1.0 nm, at 10 bar & =1.5nm,at 10 bar

Figure 11. Snpashots of theonfiguration of CQ molecules adsorbed at 10 bar and 300 K in
(7, 7) CNT arrays carrying +0.05e charge, and inber separations of (a) 1.0 nm, (b) 1.5 nm.
The red and cyan dots represent the oxygen andrcatoms in the COmolecule.

It is interesting to note (see Figure S7) that evlifle LJ interactions of adsorbate inside the
CNT are almost constant when the intertube distameases, the electrostatic interactions
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are much weaker as intertube distance increasessidering the rapid decay of the VDW
interactions with the inter particle distance, ritplies that the neighbouring CNTs apply
negligible VDW interactions on the adsorption imsithe tube, but strong electrostatic
interactions facilitate/suppress the internal aoison of CQ/N, mixture in the charged
CNTs. What is more important, the adsorbate-CN¢Ttedstatic interactions for the adsorbate
inside the CNT approach zero in the bundle vdte 1.5nm, implying that while the surface
charge from the neighbouring CNTs exerts strongtedstatic interactions on the adsorbate
inside individual CNTs, the surface charge on tiNTGhat directly confines the adsorbate
imposes negligible electrostatic interactions oe Husorbate. Thus the adsorption of a
CO,/N, mixture in an isolated CNT is expected to be ingigantly affected by the surface
charge. Indeed, in our GCMC simulations we foureldbsorption isotherms of pure €@

the neutral and:0.le charged (10, 10) CNTs at 300 K to be nearly idahtifor pressures up
to 15 bar. The CNT is located at the center of $imaulation box, with dimension

L,xL,xL,=10x10x 1£ nnt, with periodic boundary conditions applied in ate

dimensions. Accordingly, the orientation anglesGéd, and N inside the +0.05e charged
tube generally decreases with the intertube distaasca result of reduced adsorbate-CNT
electrostatic interactions. Table 3 lists the medentation angles of COadsorbed inside
and outside the tube, which are averaged overhall ihternal and external molecules
separately. In addition, the orientation anglesdmghe tube decrease with the pressure
because the adsorbate-adsorbate interactions benomedominant at the high loadings, and
the impact of adsorbate-host electrostatic intevaston orientation angle becomes weaker.
On the other hand, as the adsorbate VDW interaxdnvith the CNT, for adsorbate located
outside the CNT, decrease rapidly with the integtdlistance, the electrostatic interactions
first increase and then decrease with the intertis@nce, and achieve a maximum at the
intertube distance of 1.0 nm. Table 3 shows thetmhean orientation angles of €and N
adsorbed in the interspace with an intertube degtari 1.0 nm are higher than those for other
intertube separations. It is interesting to ndtat in the positively charged bundles with

0>0.5nm, the molecules adsorbed in the interspace dis&ibadially around each

individual CNT, with the axis of each linear moléeyointing to the center of the central
CNT. Figure 11 depicts the representative confiians of CQ adsorbed in the +0.05e
positively charged (7, 7) CNT arrays with the intbe distances of 1.0 and 1.5 nm, at 10 bar.
As confirmed in Figure 10 and Figure S7, molecwddsorbed in the grooves experience

enhanced adsorbate-host electrostatic interactisrthe axes of the adsorbate molecules are
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parallel to the line connecting the centres of bpposite CNTs, with respect to adsorption in
the interstices in the bundle with=0.5nm. However, the electrostatic interactions of
adsorbate-host are reduced as the intertube destamther increases from 1.0 to 1.5 nm.
Consequently, the electrostatic interactions fer éikternal adsorbate achieve the maximum

in the bundle withd =1.0nm.

Table 3. Orientation angles of C{and N adsorbed inside the CNT and in the inter-space in
the +0.05e charged (7, 7) CNT bundle at differeasgures.

angle @ (deg)inside angle @ (deg)outside
intertube 1 bar 5 bar 15 bar 1 bar 5 bar 15 bar
distance (nm)
CO; 0.335 70.26 67.81 67.34
0.5 68.80 65.5 63.82 58.21 59.65 60.51
1.0 64.09 61.09 59.91 73.20 71.02 69.28
1.5 60.10 59.44 56.13 68.98 68.92 68.20
0.335 65.50 65.15 65.97
N> 0.5 65.85 62.94 54.61 58.72 59.68 60.46
1.0 61.67 62.36 57.94 62.65 61.72 62.16
1.5 58.76 59.75 50.57 60.64 60.54 60.27

3.4 Effect of intertube distance on the performance of CNT bundles on CO, separation
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Figure 12. Performance coefficient at (a) 1.0 bar, and (b)bas, at 300 K relative to a
neutral CNT bundle with intertube separation of38.31m at a pressure of 1.0 bar, for
CO,/N; (20/80) mixtures int0.05e charged CNT bundles with intertube separationsinagng
from 0.335 to 1.5 nm.
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As demonstrated in Figure 8 and Figure S8, whitie@k)/N, selectivity generally decreases

with the intertube distance in the neutral an€0(5e) charged bundles for intertube

distances ranging from 0.335 to 1.5 nm, the adswrptf CO, demonstrates a complex
dependency on the intertube distance. Thereforsutnmarise the performance of bundles

with different intertube distances, a coefficiemtt considers both adsorption and selectivity

is required. We propose and employ the followiegf@rmance coefficiend,,

- M, S
A= exp{ In(al v p]+ In(a2 5, ﬂ (2)

based on the simulation data accumulated in thislystHere, M, andM ; denote the

gravimetric absolute adsorption of €@ the target bundle at the target pressure, bad t

neutral bundle withd =0.335nm at 1.0 bar, respectivelg and S, are the equilibrium

selectivity of CQ/N,, anda, and a, are the weight factors, both set equal to 1.0. flbes

in Figure 12, show that the performance of +0.0B&g@ed CNT bundles with an intertube
distance of 0.335 nm, is always superior to theméand negatively charged bundles, and
that the performance generally decreases withritextube distance. As an example, the
+0.05e charged bundle with=0.335nm is about 20 times better than that of a similar
neutral bundle, whilst the -0.05e charged bundlenly about 20% of that of the neutral
bundle. The large difference between the positiaeld negatively charged bundles, suggests
that charged CNT bundles are a very promising n@tier use in electric swing adsorption
for the capture of COfrom flue gas [3, 20]. Since there is an evemaggediscrepancy
between the electrostatic properties of,@@d CH, the application of charged CNT bundles

to separate C£from natural gas is a promising subject for futsiuedy [6].

Figures 12 (a) and (b), demonstrate that increasiagressure improves the performance of
the CNT bundles, mainly because more,@0adsorbed at higher pressures. However, in the
neutral CNT bundle, when the intertube distancabisve 0.5 nm, increasing the pressure
from 1.0 to 15 bar reduces the performance as tBaxesignificant reduction in the G
selectivity, (see Figures S8 (a) and (b)). At &%in the +0.05e charged bundle wid=1.0

nm, the performance coefficient is higher than thahe bundle withd = 0.5nm, which may

be attributed to the greatly enhanced adsorptioG@@f in the inter-space, as a consequence
of the strong C@QCNT electrostatic interactions in the groovesrigntingly, the performance

of -0.05e charged CNT bundles with an intertub¢adise larger than 0.5 nm exceeds that of
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neutral bundles with the same intertube distantbgyh pressure. Our simulations show that,
although the negative charges suppress the adsomptiCQ inside the CNT, they impose
noticeable attractive electrostatic interactionstibe CQ molecules but repulsive or very
weak attractive electrostatic interactions opnblecules located in the interstices and the
groove space, favouring the adsorption of,@®the interspace, evident in Figure S9 (b).
Additionally, as shown in Figure S9 (a), the £CONT VDWs interactions for C@located in
the interspace of the -0.05e charged CNT bundlesso slightly greater than those in the
neutral CNT bundles. Unlike the distribution of £@olecules in the positively charged
CNT bundles, C@molecules adsorbed in the interspace of the nesjatcharged bundles
distribute around individual CNTs with the axis thie CQ molecule tangential to a line
connecting the center of mass of £&hd the center of the CNT. Further, in the abseric
surface charge, GOmolecules located in the interspace distributeuadothe CNT with
random orientation angles in the neutral CNT busid(Eigure S10). As a consequence, the
enhancement in the adsorption of 6 the interspace contributed by the negativeaserf
charge overcomes the reduction in the adsorptiof€®f in the internal space at high
pressure, at which the adsorption of £ the interspace becomes comparable to or
dominant over the adsorption inside the tube. i ¢thse, the performance of -0.05e charged
CNT bundles with an intertube distance larger tBah nm, exceeds that of neutral CNT

bundles with the same intertube distance at thie pigssure.

However, since flue gases are generally saturaiddwater, it is essential to understand the
role of water vapor on the performance of (7, 7)Tadindles in separating G@om flue
gas. We depict the adsorption isotherms of eachpoaent and the C4N, selectivities for
the ternary mixture C&N,/H,O saturated with water (bulk composition is £XD=20:80
with H,O at its saturation pressure) in neutral and clt(@e7) CNT bundles with intertube
separation of 0.335 nm, in Figure S11. It can bensihe adsorption of J@ is always
negligible compared to that of G@ the neutral and positively charged (7, 7) CNihdiles,
and the effect of water vapor in the gas phasehenQQ/N, selectivity is subsequently
negligible. However, when the negative surface ghas above -0.01le, with the adsorption
CO, being suppressed by the negative surface charg@, ddsorbs into the negatively
charged CNT and completely takes over the adsorpsipace, leading to negligible
adsorption of C@and N in the CNT bundles. It is interesting to note timathe CNT bundle
carrying -0.01e charge in which the suppressioacefdf the negative surface charge on the

adsorption of C@ becomes less prevalent, the adsorption gD k6 dominant at the low
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pressure and then reduces significantly with pmessthis is because with increasing the
pressure, the partial pressures of,Gdd N become much higher than that of saturated
water vapor in the gas phase, leading to the atisarpf CO, and N becomes dominant at
the high pressure. Nevertheless, without the sggme effect from the negative surface
charge, the adsorption of G@n the neutral and positively charged CNT bundéealways
preferable over the # and N, severely restricting the adsorption ofCHand N. Indeed,
the HO-host interactions including the (LJ and coulonalotg) are quite comparable in the -
0.05e and +0.05e charged CNT bundles, which ar®& &3 -31.5 kJ/mol respectively, and
both of which are significant higher than that ire tneutral CNT bundle, -12.4 kJ/mol.
Therefore, the strong adsorption ofHin the negatively charged CNT bundles is a resfult
reduced adsorption of GOand additional KHD-CNT electrostatic interactions, and the
negligible adsorption of $#D in the positively charged CNT bundles is a consege of
competition between the dominant adsorption of, @ad restricted adsorption oL,®. The
negligible adsorption of water vapor in the neu@dT bundle is simply because of the
hydrophobicity of the CNT wall, exerting weak irdetions on HO [43]. In conclusion,
water vapor existing in the flue gas only appliesignificant effect on the optimized
performance of (7, 7) CNT bundles in separating €@m flue gas. However, dehydration is
needed for the negatively charged CNT bundles pigoithe electric swing adsorption

procedure.

4 Conclusions

The adsorption of C&N, mixtures (20/80 in the gas phase) at 300 K, innaéand charged
hexagonal (7, 7) CNT arrays with intertube distancanging from 0.335 to 1.5 nm, and
pressures up to 15 bar, has been investigatedacgudharges of 0.0.01, +0.02 and
+0.0%were assigned to each carbon atom. It was fourtdatip@sitive charge on the CNT
bundles enhances the adsorption of,@@d the C@N; selectivity, while negative charges
suppress the adsorption and the selectivity fop, @Ompared to those in the neutral CNT
bundle. At atmospheric pressure and ambient terypetathe CQN, selectivity in the
+0.05e charged (7, 7) CNT bundle with an intertdisgance of 0.335 nm exceeds 1000, and
is superior to a wide range of nanoporous materrakiding MOFs, ZIFs, zeolites and
activated carbons, summarised in Table 2. Whileessing the positive charge increases
both the mean orientation angle of the adsorbalet@adsorbate-CNT interaction inside the
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CNT, increasing the negative charge reduces tlem@ation angle of the adsorbate whilst the
CO,-CNT interactions are almost unaffected. The redueglsorption of C® in the
negatively charged CNT bundles can be attributatiéaeduction in the available adsorption
volume with a consequent decrease in entropy fop @@lecules. Conversely, in the
positively charged system, both, ldnd CQ tend to span the pores to enable the negative
charges at each end of the molecular axis to kefmefh electrostatic interaction with the
surface charge, favouring the adsorption o, @@ad thus leaving limited adsorption space for
No.

Increasing the intertube distance can either erghacreduce the adsorption of O
depending on the competition between the additi@usorption volume in the intertube
space and the reduced adsorbate-CNT interactionthdoadsorbate inside and outside the
CNT. However, the C&N, selectivity decreases monotonically with intertubstance in
the charged and neutral CNT bundles, due to thectish in the adsorbate-CNT interactions.
Upon increasing the intertube distance, the favdaradsorption in the intertube space shifts
from the interstices to the grooves. Nevertheldss space inside the CNT is always more
favourable for the adsorption of G@ompared to the interstices and the grooves in the
positively charged (7, 7) CNT bundles. We show that electrostatic interactions from the
neighbouring CNTs account for the enhanced adsorptf CQ inside the CNT in the
positively charged CNT bundles, indicating negligiblectrostatic interactions of adsorbate
with the CNT that confines the adsorbate inside.eWthe CNT separation is sufficiently
large to permit C@molecules to occupy the intertube space, moleadssrbed outside the
CNT distribute radially around the CNT with the axad the molecules pointing to the center
of the positively charged CNT, and tangential te freriphery for the negatively charged
CNT.

The performance of CNT bundles has been summansedsimple equation, treating the
adsorption capacity and the selectivity as equatiportant; we find that increasing the
pressure generally improves performance, whileeiing the intertube distance reduces it.
From the comprehensive calculations presented Wwerénd that the +0.05e charged (7, 7)
CNT bundle with an intertube distance of 0.335 nrovjges the best performance in
separating C@for pressure up to 15 bar. Essentially, it is fotimat moisture in the flue gas
imposes negligible effect on the optimal perfornaraf (7, 7) CNT bundles on GO
separation from flue gas.
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Supplementary Material

Figures showing adsorption isotherms of D mixture in amorphous carbon, SiC-DC,
effects of the LJ interaction strength on the agison of CQ/N, mixture in CNT bundles,
effect of charge on adsorbate orientation and tepsofiles, variation of electrostatic and
van Der Waals interaction energy with intertubecepg adsorption isotherms, and snapshots
of configurations for different intertube spaciragal charges, adsorption isotherms of ternary
CO,/N2/H,0O mixtures saturated with water in the neutral emakged (7, 7) CNT bundles are
given in the Supplementary Material.
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