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Adsorption and separation of linear and branched alkanes on carbon nanotube bundles

from configurational-bias Monte Carlo simulation
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The adsorption and separation of linear (C;-nCs) and branched (Cs isomers) alkanes on single-walled
carbon nanotube bundles at 300 K have been studied using configurational-bias Monte Carlo simulation. For
pure linear alkanes, the limiting adsorption properties at zero coverage exhibit a linear relation with the alkane
carbon number; the long alkane is more adsorbed at low pressures, but the reverse is found for the short alkane
at high pressures. For pure branched alkanes, the linear isomer adsorbs to a greater extent than its branched
counterpart. For a five-component mixture of C;-nCs linear alkanes, the long alkane adsorption first increases
and then decreases with increasing pressure, but the short alkane adsorption continues increasing and progres-
sively replaces the long alkane at high pressures due to the size entropy effect. All the linear alkanes adsorb into
the internal annular sites with preferred alignment parallel to the nanotube axis on a bundle with a gap of 3.2
A, and also intercalate the interstitial channels in a bundle with a gap of 4.2 A. For a three-component mixture
of Cs isomers, the adsorption of each isomer increases with increasing pressure until saturation, though nCs
increases more rapidly with pressure and is preferentially adsorbed due to the configurational entropy effect.
All the C5 isomers adsorb into the internal annular sites on a bundle with a gap of 3.2 A, but only nCs also
intercalates the interstitial channels on a bundle with a gap of 4.2 A. This work suggests the possibility of
separating alkane mixtures based on differences in either size or configuration, as a consequence of competitive

adsorption on the carbon nanotube bundles.

DOL: 10.1103/PhysRevB.72.045447

I. INTRODUCTION

The adsorption and separation of alkanes in porous media
play a significant role in various disciplines of natural sci-
ence and underlie many engineering processes and industrial
applications. For instance, many volatile organic compounds
classified as atmospheric pollutants are directly or indirectly
related to alkanes and their derivatives, and adsorption is
currently one of the technically feasible and cost effective
technologies to remove and recover these compounds.' The
catalytic conversion and cracking of alkanes are major reac-
tions in the petrochemical refinery industry, and the simulta-
neous alkane adsorption on catalysts or catalyst supports has
been found to be important to interpret kinetic data.> Many
industrial processes involve alkane mixtures, and how to
separate them for particular use is an important topic. Usu-
ally alkane isomers have close boiling points, e.g., 309.2,
301.1, and 282.6 K at 1 atm for nCs,iCs, and neoC5,3 and it
is difficult to separate them using conventional methods such
as distillation. But with a proper choice of adsorbents (or
molecular sieves) and operating conditions, alkanes may be
separated by competitive adsorption based on the differences
in their molecular size and shape.*~°

Over years, numerous experimental studies have been car-
ried out on the adsorption and separation of alkanes on vari-
ous types of adsorbents. Maciver et al.” measured the adsorp-
tion of lower molecular weight alkanes (C5,nC4 and iC4) on
silica, alumina, and silica-alumina cracking catalysts over the
temperature range from 25 ° to 350 °C, and observed phys-
isorption accompanied by chemisorption. Bruce et al.® deter-
mined the gas-solid second virial coefficients for the normal
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C;,C,4,Cs, and Cy4 alkanes on Carbopack C and C-HT in the
temperature range of 323 to 471 K, and found that the gas-
solid adsorption energy has a linear correlation with the boil-
ing point and with the ratio of critical temperature to the
square root of the critical pressure. Denayer et al.’ deter-
mined the Henry constants, limiting adsorption enthalpies,
van’t Hoff pre-exponential factors, and separation factors of
Cs—Cyg alkanes on a variety of zeolites at 473-648 K, and
found both nonselective and selective adsorption between
linear and branched alkanes dependent on the zeolite type.
Denayer et al.'® also found that competitive adsorption,
rather than diffusion, is the major factor in controlling the
hydrocracking order of the n-alkanes on Pt/H-Y zeolite.
Savitz et al.'' measured the isosteric heats and adsorption
isotherms of the C;,C,, and C; alkanes on a series of six
high-silica zeolites, and observed an inverse relationship be-
tween the limiting isosteric heat and the pore diameter. Yun
et al."? reported the adsorption of the C; and C, alkanes, and
their binary mixtures on hexagonally ordered MCM-41, and
validated methods for the prediction of adsorption equilib-
rium. Hernandez et al.'> measured the adsorption capacities
of the linear C¢,C;,Cg, and Cy alkanes on microporous silica
solids at different temperatures, and found the limiting ad-
sorption energy to be more attractive for a longer alkane.
With substantial improvements in computational power
over the last few decades, molecular simulation methods,
including Monte Carlo (MC) and molecular dynamics (MD),
have increasingly become a useful tool to investigate the
properties of fluids confined in porous materials.'* Simula-
tions can provide insights into the microscopic picture of
molecules adsorbed in a confined space and enable one to
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examine the underling physics, which may be inaccessible to
experiments. For the simulation of alkane adsorption in po-
rous media, MC rather than the MD method is most fre-
quently used for two reasons. First, MD is not likely to pro-
vide an adsorption isotherm at a given reservoir condition,
which is important in adsorption studies. Second, MD mo-
tion mimics the natural behavior of the molecules, that is,
how the molecules diffuse into pores before adsorption equi-
librium is reached; this is a slow process. In contrast, MC in
grand-canonical ensemble (GCMC) permits adsorbate mol-
ecules to exchange with the reservoir and can easily yield
adsorption isotherms. Also, the MC method does not have to
follow the natural pathway and allows a trial move at a ran-
dom position, so that a successful move may correspond to a
large jump in phase space. Consequently, a large number of
GCMC simulation studies have been performed on alkane
adsorption including, to mention but a few, the adsorption of
C, in zeolite NaA;" of C, in zeolites MFI, MOR, and
BOG;'® of C,,C,, and their binary mixtures on the one-
dimensional (1D) molecular sieve AIPO,-5;!7 of C; in metal-
organic materials.'® These simulations on the adsorption of
short alkanes used conventional techniques to generate mo-
lecular configurations, which can be prohibitively expensive
for long alkanes.

A recent advance, the configurational-bias Monte Carlo
(CBMC) technique,'®?! makes the simulation of long al-
kanes possible. The CBMC method significantly improves
the efficiency for sampling of chain-molecule conformations
by many orders of magnitude, and its combination with NVT
MC and GCMC simulations has been widely used for alkane
adsorption, especially, for long alkanes. Smit and
Siepmann®? simulated the adsorption of nC, to nCy, on sili-
calite, and a linear dependence of the isosteric heat on chain
length was found. Maginn et al.?} examined the low-
coverage sorption of normal alkanes from nC,4 to nC,s on
silicalite, and temperature-dependent alkane configurations
and locations were found. Maris et al.?* calculated the ad-
sorption isotherms of C; to nCs in the aluminophosphate
AIPO,4-5, and observed a surprisingly low density—high den-
sity transition resembling capillary condensation. Du et al.?>
simulated adsorption isotherms of pure C;,C,,C5,nC,, and
their binary mixtures on silicalite. Good agreement with lim-
ited available experimental data was obtained, and competi-
tive adsorption in the C,-C, mixture was observed in which
C, is preferentially adsorbed at low pressures but this pref-
erence reverses at high pressures. Vlugt et al.?® and Schenk
et al.’’ simulated the adsorption isotherms of linear and
branched alkanes and their binary mixtures on silicalite. A
configurational entropy driven “squeezing out” effect was
found with a linear alkane progressively replacing its
branched counterpart at higher coverages, which was attrib-
uted to a higher packing efficiency of the linear alkane
within the silicalite channels. Calero et al.?®?° and Krishna et
al.333 investigated the subtle entropy effects in the adsorp-
tion of multicomponent mixtures of linear and branched al-
kanes, and demonstrated the development of separation pro-
cesses. De Meyer et al.* and Chempath et al.?> presented
simulations of the liquid-phase adsorption of linear alkanes
and their mixtures on ZSM-5 and silicalite, and good agree-
ment with experimental results was obtained. Diiren and
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Snurr*® computed the adsorption of C; and nC, and their
mixtures on isoreticular metal-organic frameworks, and the
influence of the organic linker molecule on adsorption and
selectivity were analyzed. Fox et al.*’3% simulated the ad-
sorption of pure and mixed linear, branched, and cyclic al-
kanes on silicalite-1, AIPO,-5, and ITQ-22, and temperature-
dependent adsorption hierarchy and selectivity were found.
Also, force fields have been reported for alkane adsorption
by calibrating simulation results with reliable experimental
data. Dubbeldam et al.*® generated a united-atom force field
for linear and branched alkanes on MFI and other zeolites.
Calero et al.*° constructed a united-atom force field for linear
alkanes on sodium-exchanged FAU-type zeolites. Pascual ef
al.*' developed a transferable force field for the adsorption of
linear and branched alkanes on silicalite-1.

As shown by the above review, most experimental and
simulation studies of alkane adsorption were carried out on
zeolites. In recent years, carbon nanotubes*? have stimulated
considerable interest, including potential use for membrane
adsorption and separation due to their well-defined nanoscale
structures.*?

Experimental studies have been reported on the adsorp-
tion of simple pure gases, such as N,, %! 0,4 Ar,>? Kr,>
Xe, > C0,,°° on various carbon nanotubes, single- or
multi-walled, closed or open ended. H, adsorption has also
been studied on carbon nanotubes toward developing
environmentally friendly fuel cell technology.’’-%! Also, MC
simulations have been performed, including the adsorption
of N,,020% Xe % H,%-%7 on infinite periodic nanotube
bundles, and the adsorption of N,,% Ne 0862 Ar6870 K70
Xe, %% C0,,”" H,,”>" on finite isolated nanotube bundles.
Only recently have there been a few experimental and simu-
lation investigations on the adsorption of simple gas mix-
tures on carbon nanotubes, the adsorption of H,-D,-T, iso-
tope mixtures by path integral GCMC simulation,’*” of a
NO,-SO,-CO, mixture in the presence of O, by thermo-
gravimetric analysis,’® of a CF,-Xe mixture by vibrational
spectroscopy and MC simulation,”” and of a N,-O, mixture
(representing air) by GCMC simulation.”® Competitive ad-
sorption was observed in these studies, and it has been sug-
gested that carbon nanotubes could be a superior adsorptive
media to separate gas mixtures.

Questions that remain are as follows: how will carbon
nanotubes act in the adsorption and separation of complex
alkanes? Can high selectivity be achieved at normal condi-
tions? The few studies in this area have been restricted to
pure short linear alkanes, for example, experimental mea-
surements on the adsorption of C; (Refs. 53 and 79-81) and
nC,.,%? and simulations on the adsorption of C, (Refs. 68, 69,
83, and 84) and C,.%> On the other hand, it is worthwhile to
point out that MD simulations have been employed to inves-
tigate the microscopic behavior of nCs and iCs,% and of
nCjy (Ref. 87) in carbon nanotubes. To the best of our
knowledge, however, no experimental or simulation work on
the adsorption and separation of alkane mixtures on carbon
nanotube bundles has been reported. The objective of this
work is to fill this gap using the configurational-bias MC
simulation and to determine if carbon nanotubes can be good
candidates to separate alkanes. Consequently, first we simu-
late the adsorption behavior for five pure linear alkanes from
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TABLE 1. Force field parameters for linear and branched
alkanes.

Nonbonded LJ

(Refs. 90 and 91) Site a(A) e/kp(K)
CH, 3.73 148.0
CH; 3.75 98.0
CH, 3.95 46.0
CH 4.68 10.0
C 6.40 0.5

Bending (Ref. 92)
Torsion (Ref. 93)

ko/kg=62500 K/rad>
CH,-CH,-CH,-CH,

,=113.0°
CH,-CH,-CH-CH,

vo/kz=1009.728 K
v,/kp=2018.446 K
v,/kp=136.341 K

v3/kp=-3164.520 K

volkg=373.0512 K

v,/kp=919.0441 K

v,/kp=268.1541 K
v3/kp=—1737.2160 K

C, to nCs, and three pure Cs isomers, then examine the
competitive adsorption for a mixture of C;-nCs linear al-
kanes with varying chain length, and finally we examine the
competitive adsorption for a mixture of Cs isomers with
varying chain branching.

II. MODEL AND POTENTIAL

Two descriptions are commonly used to model alkane
molecules, the united-atom model and the all-atom model.®8
Both models were found to give comparable adsorption iso-
therms for alkane adsorption in silicalite, however, the sim-
pler united-atom model resulted in faster computations.®’
Consequently, the united-atom model representing every
CH, group as a single interaction site was used in this work.
The C-C bonds were assumed to be rigid and fixed at 1.53 A.
The nonbonded dispersive interaction between sites of differ-
ent molecules or four sites apart within a molecule was mod-
eled by the Lennard-Jones (LJ) potential®®®!

up 5(r) = 4e[(alr)'? = (o/r)%]. (1)

For C5 and longer alkanes, the intramolecular bond bending
between three successive sites was modeled using a har-
monic potential®?

ubending(e) = 05k0(0_ 60)2~ (2)

For C, and longer alkanes, the intramolecular dihedral tor-
sion between four successive sites was modeled using a co-
sine potential®

3
”torsion(¢) = E Uk(COS ¢)k (3)
k=0

The force field parameters, which were optimized by others
to accurately reproduce experimental vapor-liquid coexist-
ence curves and critical properties of pure linear and
branched alkanes, are given in Table I. The cross LJ param-
eters for the unlike sites were obtained using the Jorgensen
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FIG. 1. A periodic hexagonal nanotube bundle. The rectangle
illustrates the simulation box in the x and y dimensions.

combining rules o;;= \e"?o-j and g;;= \s";sj.(’“ A spherical cut-
off length of 14.5 A was used for the calculation of the LJ
interaction energies, and beyond the cutoff length the usual
long-range correction for a homogeneous system was added.
The use of the usual long-range correction is an appropriate
approximation, because it has been shown that the error in-
troduced by assuming homogeneity is small compared with
the magnitude of the long-range correction.®

Carbon nanotubes have been experimentally observed to
form hexagonal bundles of nearly uniform and finite
diameter,**%7 with nanotube numbers between 100 and
500,% or of the order of 20.”7 In the simulation study of pure
N, adsorption on the homogeneous open-ended single-
walled carbon nanotube (SWNT) hexagonal bundles at both
subcritical and supercritical temperatures,> we found that
the adsorption isotherm on an infinite periodic bundle with-
out an external surface is of type I regardless of temperature.
On a finite isolated bundle with an external surface, the iso-
therm is of type II at a subcritical temperature and of type I
at a supercritical temperature, which is in accord with experi-
mental observations. We also found that the external surface
of the nanotube bundle plays an important role on the char-
acter for the adsorption isotherm of a N,-O, mixture. How-
ever, the N,-O, adsorption selectivity is nearly independent
of the nanotube bundle size, though it strongly depends on
temperature.’®

Our objective in this work is to explore the adsorptive
separation between alkanes rather than to characterize ad-
sorption isotherm, as a consequence, the infinite periodic
bundle as used in our previous studies®>’® was chosen as the
adsorbent model and is illustrated in Fig. 1. A three-
dimensional (3D) periodic rectangular parallelepiped of
33.5 AX29.0 Ax36.9 A with hexagonally aligned (10,10)
SWNTs was used for the simulation box. There are two kinds
of energetically favorable adsorption sites within the bundle,
the nanotube interiors and the interstitial channels between
the nanotubes. The van der Waals gap g between nanotubes
was initially set to 3.2 A,33* and later in order to examine
adsorption in the interstitial channels, g=4.2 A was also
used. Each (10, 10) SWNT within the bundle has a diameter
of 13.56 A, and the carbon atoms were assumed to be rigid
and frozen during simulation. Recent study of the adsorption
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of alkanes in MFI zeolite has revealed that the influence of
framework flexibility is quite small,”® and it is also expected
to be so in this work for the low-energy focused equilibrium
adsorption.

The dispersive interaction between the carbon atom of
nanotube and the united-atom site of alkane was modeled
with the LJ potential. The well depth was obtained using the
Jorgensen combing rule with ec./kp=28.0 K in the nano-
tube, and the collision diameter was set to 3.6 A regardless
of the type of the united atom. In our previous studies®>’® the
interaction between an adsorbate site and a nanotube was fit
to a polynomial function of the radial distance from the
nanotube center to accelerate the simulation without a sig-
nificant loss of accuracy. An alternate accurate and efficient
approach was used in the present work. As the adsorbent was
assumed to be rigid, its interaction energy with an adsorbate
site was tabulated within the adsorbent on a grid space of
0.11 A before simulation. The interaction energy between the
adsorbent and adsorbate at any other position could then be
rapidly calculated during simulation by interpolation. A cut-
off length of 14.5 A was also used in the evaluation of the LJ
interaction with the usual long-range correction added.

III. SIMULATION METHOD

The conventional MC techniques are prohibitively expen-
sive in sampling the conformation of long alkane molecules,
in contrast, the advanced CBMC technique significantly im-
proves the efficiency. Instead of inserting a molecule at a
random position, in the CBMC a molecule is grown atom-
by-atom biasing energetically favorable configurations while
avoiding overlap with other atoms, and the bias is then re-
moved by adjusting the acceptance rules.”® In this work we
have used the CBMC technique in NVT MC simulation to
calculate limiting properties and in GCMC simulation to cal-
culate isotherms for the adsorption of linear and branched
alkanes on the nanotube bundles at temperature 7=300 K.
First, eight trial positions were generated with a probability
proportional to exp(—BU.,.ma)> Where B=1/kgT and Ui .. .
is the internal energy at a position ¢ including
the intramolecular bond bending and dihedral torsion
interactions. Then one of the trial positions was chosen for
growing an atom with a probability proportional to
exp(_ﬂuéxtemal)/Eiexp(_ﬁUlexternal)’ where Ulexternal is the ex-
ternal energy including all nonbonded intramolecular and in-
termolecular Lennard-Jones interactions. In addition, the in-
sertion of molecules was enhanced using the multiple first-
bead scheme with 15 trial positions.'®

Limiting adsorption properties, including the isosteric
heat, the Henry constant, the Helmholtz free energy, en-
thalpy, energy, and entropy for the adsorption of each pure
alkane at zero coverage were determined in NVT MC simu-
lation using a single alkane molecule. The limiting isosteric
heat qgt was calculated from

q(s)[ =RT - ( Ug,loteﬂ) - <U2,intra>) > (4)

where <U2,lotal> is the ensemble averaged total adsorption en-
ergy of the single alkane molecule in the empty bundle, and
<U2» ) is that of the single alkane molecule in the bulk

Jintra
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phase (the ideal-gas state) due to the intramolecular interac-
tions. These were calculated from

f u,(r,w)exp[— Bu,(r,=)]drdw

<U2,lotal> = NA > (5)
J exp[— Bu,(r,w)]drdw
and
Juinlra(rvm)exp[_ B”inlra(r’m)]drdw
<U2,intra> = NA 5
f exp[— Biny,(r, @) ]drdw
(6)

where N, is the Avogadro constant, 8=1/kgT and kj is the
Boltzmann constant, r is the position vector, and @ is orien-
tation of the alkane molecule. The Henry constant K was
calculated from

exp[— Bu,(r,@)]drdw
_ &CXP(— Blu“(e)x,a) _ & f ’ IB
H= 0y~
RT exp(~ RT
exp(= Bllex ) j exp[— Btiy,(r, @) ]drdw

(7)

where ng,a and ng,,, are the excess chemical potentials of
the single alkane molecule in the empty bundle and of the
single alkane molecule itself in bulk phase, respectively. The
Helmbholtz free energy of adsorption was calculated from

k)

AA® = 1 — ) == RT In(RTKp,). (8)
The adsorption enthalpy was calculated from
AH’=- qgt. ©)
The adsorption energy was calculated from
AU°=RT + AH = (U°) - (UY). (10)
The adsorption entropy was calculated from
AS?= (AU — AAO)/T. (11)

In Egs. (8)—(11), “A” refers to the change in a quantity from
the bulk phase to the adsorbed phase.

Isotherms for the adsorption of pure alkanes and their
mixtures were determined in GCMC simulation with fixed
adsorbate chemical potential (fugacity), volume, and tem-
perature. For the conditions of this study, it is acceptable to
replace fugacity by pressure, that is, the reservoir is assumed
to behave as an ideal gas.*®*! GCMC simulation has been
used widely for the simulation of adsorption as the grand
canonical ensemble is an open system in equilibrium with an
infinite bulk fluid reservoir, and the number of adsorbate
molecules is allowed to fluctuate.
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Simulations were carried out for a total of 20 000 cycles,
in which the first 10 000 cycles were used for equilibration,
and the second 10 000 cycles to obtain ensemble averages.
Each cycle consisted of a number of the following attempted
trial moves.

(a) Translation: A randomly selected molecule is trans-
lated with a random displacement in the x,y, or z dimension,
and the maximum displacement is adjusted to an overall ac-
ceptance ratio of 50%.

(b) Rotation: A randomly selected molecule is rotated
around the center-of-mass with a random angle, and the
maximum angle is adjusted to an overall acceptance ratio of
50%.

(c) Partial regrowth: Part of a randomly selected mol-
ecule is regrown locally. It is decided at random which part
of the molecule is regrown and from which bead the re-
growth is started.

(d) Complete regrowth: A randomly selected molecule is
regrown completely at a random position. From this move in
NVT MC simulation, which is equivalent to the Widom test-
particle insertion method,!°! the excess chemical potential is
evaluated.

(e) Exchange with the reservoir (only in GCMC simula-
tion): A molecule is created at a random position, or a ran-
domly selected molecule is deleted. To ensure microscopic
reversibility, creation and deletion are attempted at random
with equal probability.

(f) Exchange of molecular identity (only for a mixture in
GCMC simulation): A molecule is selected randomly and an
attempt is made to change its molecular identity. While this
trial move is not required in GCMC simulation, its use al-
lows reaching equilibrium faster and reduces fluctuations af-
ter equilibration.'0?

The acceptance rules for these trial moves can be found
elsewhere.”” For the adsorption of a pure alkane in NVT MC
simulation, each cycle consisted of 2000 trial moves (a)—(d),
and the relative probabilities for these attempted moves were
10% translation, 10% rotation, 10% partial regrowth, and
70% complete regrowth. For the adsorption of a pure alkane
in GCMC simulation, each cycle consisted of 2000 trial
moves (a)-(e) with relative probabilities 10% translation,
10% rotation, 10% partial regrowth, 10% complete regrowth,
60% exchange with the reservoir. For the adsorption of a
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TABLE II. Limiting isosteric heats, Henry constants, and ad-
sorption entropies of the pure alkanes adsorption on a bundle with
g=32A.

qgt Ky ASO
Alkane (kJ/mol) (mol/dm?3/kPa) (J/mol/K)
C, 18.27 0.03 -18.63
C, 27.71 0.64 -23.47
Cs 35.86 9.59 -28.24
nCy 44.66 160.37 -34.36
nCs 53.36 2646.78 -40.25
isoCs 51.87 1583.59 -39.51
neoCs 47.20 693.85 -30.71

moves (a)—(f) in each cycle was increased to 5000 to assure
mechanical and compositional equilibrium; the relative prob-
ability for exchange with the reservoir was decreased to
55%, and a 5% probability was used for the exchange of
molecular identity.

IV. RESULTS AND DISCUSSION
A. Pure linear and branched alkanes

Table II lists the numerical values of the limiting adsorp-
tion properties, including isosteric heats qg[, Henry constants
K, and adsorption entropies AS°, for the adsorption of the
pure linear and branched alkanes on a bundle with g
=3.2 A. Although not listed, the values of adsorption enthal-
pies AH®, energies AU, and Helmholtz free energies AA°
can be simply calculated using Egs. (8)—(10). Figure 2 shows
(a) isosteric heats, (b) Henry constants, and (c) adsorption
entropies, respectively, as a function of N, the carbon num-
ber of the alkanes. For linear alkanes with differences in size
or length, the larger the size (or the longer the length), the
greater are the values of the limiting properties. This is ex-
pected as the number of the interaction sites in a linear al-
kane increases with increasing size, and therefore the inter-
action strength with the nanotube bundle increases. To a
good approximation, linear relationships between the limit-
ing properties and N, are obtained,

. . . . . 0 _
mixture of alkanes in GCMC simulation, the number of trial Gy =8.714N.+9.829, (12)
80 T T T T T 9 T T T T T -45 T T T T T
Gy 2 ’fgs
50 F (a) 2 iCs ] —_ (b) vneos()5 -40 (C) g iIZ)CS ]
T wneoCy D‘? 6 . ] °
3 -t £ < -35f ¢ 7
g 40 ] E 4L K ] © neoC,
3 * 3 S £ 3 v ]
X © = -30
oy 30 F - \E/ > *
[=3 ¢ ~ 0or - 1 %] L ]
E:|: _.’ 4 -25 ....
20 o 1 £
a5 = 8714 N+ 9.829 dF o Ink,=2866N,-6.381 | 20F o AS = 5414 N, 12.747
10 . . ! . ! . . . . . 5 . , . . .
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Nc Nc Nc

FIG. 2. Limiting adsorption properties of the pure alkanes (C;,C,,Cs,nCy,nCs,iCs, and neoCs) on a bundle with g=3.2 A. (a) Isosteric
heats, (b) Henry constants, (c) adsorption entropies. Dotted lines are drawn to guide the eye.
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FIG. 3. (Color online) Adsorption isotherms of the pure linear
alkanes (C;,C,,C5,nCy, and nCs) on a bundle with g=3.2 A.

In K, = 2.866N, — 6.381, (13)

AS"=—5414N, - 12.747. (14)

Through Egs. (8)—(10), linear relations can also be derived
for AH?,AU°, and AA°. Such linear relations were previ-
ously found in the ¢, for the adsorption of linear alkanes on
Carbopack C and C-HT,? in the qgt and Ky for the adsorption
of linear alkanes on silicalite,?2202%31:3940 and in the ¢2, for
the adsorption of linear and branched alkanes on silicalite.>*!
From these relations, we can estimate the limiting adsorption
properties of longer linear alkanes.

For the Cs isomers with differences in configuration, the
greater the degree of branching, the smaller are the values of
the limiting adsorption properties. This is a consequence of
the decreased packing efficiency within the bundle as the
degree of branching increases. Interestingly, compared to
nCs and iCs,neoCs has a much lower absolute value of ASO,
indeed even lower than AS® of nC,. Again, this is related to
alkane configurations in that neoCs is a pseudospherical
molecule, unlike linear alkanes. Upon adsorption and con-
finement in the nanotube, the configuration of neoCs is not
much changed from that in a bulk fluid, and therefore the
entropy loss upon confinement is less than that of the other
Cs.

Figure 3 shows the adsorption isotherms of the pure linear
alkanes (C,;,C,,C;,nC4, and nCs on a bundle with g
=32 A, expressed as the number of admolecules per unit
volume A3. At low pressures from 1075 to 1072 kPa shown in
the inset, there is considerable adsorption for a long alkane,
and almost no adsorption for a short alkane. The number of
admolecules decreases with decreasing alkane size because
the long alkane has more interaction sites than the short al-
kane, so energetically the long alkane interacts with the
bundle more strongly. At high pressures from 103 to 10° kPa,
however, short alkane is more adsorbed, and the number of
admolecules and the saturation coverage increases with de-
creasing alkane size. This is due to the dominant size entropy
effect at high coverages, in which small molecules can fit
into partially filled pores more easily, and a given volume
can hold more small molecules than large molecules. In ad-
dition, the long alkane is found to approach saturation at a
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FIG. 4. (Color online) Adsorption isotherms of the pure Cs iso-
mers (nCs,iCs, and neoCs) on a bundle with g=3.2 A.

lower pressure than a short alkane; at 103 kPa, the adsorption
of nCs,nC,, and Cj is nearly saturated, but not of C, and C;.
This observation here is similar to the adsorption of that for
pure linear alkanes on silicalite.?®?72%3! Qver the pressure
range in this study, the isotherm of each alkane has only one
step to saturation as alkane molecules adsorb almost exclu-
sively into the internal annular sites, although adsorption at
the nanotube center is observed for short alkanes at still
higher pressures. Accordingly, only one maximum is ex-
pected to exist in the isosteric heat of adsorption as a func-
tion of coverage, though it was not calculated here. This is
different from our previous studies of the adsorption of pure
N, and a N,-O, mixture on the same nanotube bundle.®*’
Due to their smaller size, N, and O, can occupy two types of
adsorption sites in a sequential manner, first the internal an-
nular site and then at the nanotube centers, and therefore two
steps in the isotherm and two maxima in the isosteric heat
were observed.

Figure 4 shows the adsorption isotherms of the pure Cs
isomers (nCs,iCs and neoCs) on a bundle with g=3.2 A.
The adsorption of nCs is greater than that of iCs at low
pressures, but they are close at intermediate and high pres-
sures. Compared to nCs and iCs,neoCs is the least adsorbed
over the pressure range under study. The less preferred ad-
sorption of the branched isomer at high coverages has also
been seen in the adsorption of the pure Cq isomers on
silicalite.?>3132 and is generally attributed to the configura-
tion entropy effect, as a result of the bulkier isomer being
unable to pack favorably in a confined space due to steric
hindrance.

B. A mixture of C;-nC;s linear alkanes

Figure 5 shows the adsorption of a five-component mix-
ture of C,-nCjs linear alkanes on a bundle with g=3.2 A. The
bulk partial pressure ratio of C;:C,:C5:nC4:nCs is 5: 4: 3:
2: 1. The isotherms in Fig. 5(a) show competitive adsorption
between the long and short alkanes. With increasing pres-
sure, the long alkane is first adsorbed, passes through a maxi-
mum, and then decreases; while the short alkane adsorption
continues increasing and progressively replaces the long al-
kane at high pressures. It is expected that at pressures above
those considered here, maximum adsorption will also occur
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FIG. 5. (Color online) Adsorption of a mixture of linear alkanes (C;:C,:C3:nCy:nCs=5:4:3:2:1) on a bundle with g=3.2 A. (a)

Isotherms, (b) selectivities with respect to C;.

for the short alkane, and finally saturation for all components
will be achieved. The pressure at which the maximum ad-
sorption occurs for the long alkane (e.g., nCs) is lower than
for the shorter alkane (e.g., nC,). At low pressures, the long
alkane is preferentially adsorbed as a result of the energetic
contribution. The replacement of the long alkane by the short
one at elevated pressures is due to the size entropy effect, as
the small molecule can fit into the partially filled space more
easily. This kind of effect has been observed previously, for
example, in the simulation studies of the adsorption of linear
alkane mixtures on zeolites,?>>*31-32 of a CF,-Xe mixture on
a nanotube bundle,”” of N,-O, mixtures on a carbon nano-
tube bundle,”® and on C,¢ schwarzite;!%% in the theoretical
predictions of the adsorption of hard rods on a linear
substrate,'® of square-well mixtures in one dimension;'%
and also in the experimental measurement of the adsorption
of N,-O, mixtures on anatase.'*® Figure 5(b) shows the de-
creasing adsorption selectivities with increasing pressure of
nCs,nC,4,Cs3, and C, with respect to the shortest alkane, C;.
Not surprisingly, the greater the difference between two
components, the higher is the selectivity. Large values of the
selectivity between the long and the short alkanes are ob-
tained at low pressures.

Figure 6(a) shows the radial density distributions p(r) of
the molecular centers of mass at four pressures (0.015, 1.5,
150, and 15000 kPa) for the adsorption of the five-
component mixture of C;-nCs linear alkanes on a bundle
with g=3.2 A. The p(r) is defined as the average number of
molecules in an infinitesimal cylindrical bin parallel to the
nanotube axis

p(r) =(N(r=6rl2,r + 6r2))( 27 r 6r Z), (15)
where r is the radial distance from the center of the bundle,
and Z is the nanotube length. At the four pressures, all linear
alkanes are observed to adsorb into the internal annular sites,
indicated by the peaks in p(r) at about 3 A and by the equi-
librium snapshots shown in the insets (carbon nanotubes not
shown). A closer look at the density distributions and snap-
shots reveals the competitive adsorption between long and
short alkanes as was also shown in Fig. 5. With increasing
pressure from 0.015 to 150 kPa, the peaks of all components
increase. However, when pressure is further increased from
150 to 15000 kPa, the peak of nCs decreases; while, the
peaks of the other alkanes continue to increase.

0.015 kPa 15kPa 150 kPa 15000 kPa
(a) 003 R » T w
I -
0.02 ﬁ /\ '
S \ -
Sl || = |
0.01 / ‘\ — L \
T Ya
—C
okt =% .t N
o 3 6 9 0 3 6
r(A) r(A)
(b) 0.9 |
e
§ 0.6 —C: /
8 —&
< 03 — [
0.0 = e
00 02 04 06 08 00 02 04 06 08 00 02 04 06 08 00 02 04 06 08

cosy cosy

cosy cosy

FIG. 6. (Color online) Adsorption of a mixture of linear alkanes (C;:C,:C3:nC,:nCs=5:4:3:2:1) on a bundle with g=3.2 A. (a) Radial
density distributions, (b) angular distributions with respect to the z axis.
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Figure 6(b) shows the angular distributions A(cos ) of
the alkane molecules inside a nanotube, where  is the angle
between the nanotube axis and the end-to-end vector of a
linear alkane molecule (except C;). The range of ¢ is from
0° to 180°, however, only one-half of the range from 0° to
90° is shown due to symmetry. The value of cos =1 de-
notes a molecule parallel to the nanotube axis, and cos ¢
=0 denotes perpendicular alignment. The factor A(cos ) is
defined as the average number of molecules in an infinitesi-
mal range fo cos i,

A(cos i) = (N(cos p— Scos f2,cos i+ Scos l2)).
(16)

At a low pressure (0.015 kPa), at which essentially only the
long alkane is adsorbed due to strong attraction with adsor-
bent, A(cos ) has a maximum at cos /=1 (=0°) and a
minimum at cos =0 (=90°), and monotonically decreases
from =0° to 90 ° . The preferred alignment of the alkane
molecules is parallel to the nanotube axis, which favors the
packing pattern of the linear alkane inside the 1D nanotube.
With increasing pressure, the short alkane replaces the long
alkane due to the size entropy effect. At a high pressure
(15 000 kPa), while the number of nCs decreases and num-
bers of other components increase from those in low pres-
sures (0.0015, 1.5, and 150 kPa), A(cos ¢) is nearly level
from cos =0 to cos ¥=1, except a small maximum at ¢
=0°. This suggests that the preference for parallel alignment
of the alkane molecules is reduced as pressure increases, so
that the angular distribution is almost uniform between 0°
and 90 °.

To examine adsorption in the interstitial channels between
neighboring nanotubes, we also simulated the adsorption of
the five-component mixture of C;-nCs linear alkanes on a

0.0012 Ty T ey Ty 12 T Ty
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nanotube bundle with a nanotube gap g=4.2 A. Adsorption
isotherms and selectivities similar to those in Fig. 5 were
obtained. Figure 7 shows the radial density distributions p(r)
of the alkane centers of mass. In this case, in addition to the
internal annular sites seen in Fig. 6, the alkane molecules
also intercalate the interstitial channels as indicated by peaks
at about 10 A and in the equilibrium snapshots shown in the
insets. Because of the narrow attractive region, the linear
alkane molecules in the interstitial channels align end-to-end
nearly completely parallel to the nanotube axis. The competi-
tive adsorption between the long and short alkanes in this
case occurs not only at the internal annular sites as shown in
Fig. 6(a), but also in the interstitial channels. The peaks in
the radial density distributions of all components at both sites
increase with increasing pressure from 0.015 to 150 kPa.
However, as the pressure is increased from 150 to 15 000
kPa, the peaks of nCs at both sites are reduced, while
the peaks of all the other alkanes at both sites continue
increasing.

A mixture of Cs isomers

Figure 8 shows the adsorption of a three-component mix-
ture of Cs isomers on a bundle with g=3.2 A at the bulk
partial pressure ratio of nCs:iCs:neoCs=1: 1: 1. Figure 8(a)
shows the isotherms evidencing competitive adsorption be-
tween the linear and branched isomers. With increasing pres-
sure, the adsorption of each isomer increases, but the adsorp-
tion of nCs increases more rapidly with pressure at low
pressures and has a higher saturation value at high pressures.
The nCs is preferentially adsorbed over the branched isomers
due to the configurational entropy effect as the packing effi-
ciency within the nanotube is greater with a lower degree of
branching. This is in accord with the concept of shape selec-
tivity, that is, a slender alkane is preferentially adsorbed over

FIG. 8. (Color online) Adsorp-
tion of a mixture of Cs isomers
(nCs:iCs:neoCs=1:1:1) on a
bundle with g=32A. (a) Iso-
therms, (b) selectivities with re-
spect to neoCs.

d ul l
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a bulky one. This has been observed in the adsorption of
mixtures of linear and branched alkanes on MFI
zeolite.?0-2729-3132 Figure 8(b) shows the selectivities of nCs
and iCs relative to neoCs. With increasing pressure, the se-
lectivity first increases and then decreases to a constant value
near saturation. Though the values of selectivity here are not
as large as in Fig. 5(b), adsorptive separation between the Cs
isomers is still possible.

Figure 9 shows the radial density distributions p(r) of the
molecular centers of mass at three pressures (0.003, 3, and
3000 kPa) for the adsorption of the mixture of Cs isomers on
a bundle with g=3.2 A. At the three pressures, as in Fig.
6(a), all alkane molecules adsorb into only the internal annu-
lar sites as shown by the peaks at about 3 A and the equilib-
rium snapshots in the insets. The peaks of all components
increase with increasing pressure from 0.003 to 3000 kPa.

To examine adsorption in the interstitial channels, the ad-
sorption of the three-component mixture of Cs isomers on a
bundle with g=4.2 A was also studied. The adsorption iso-
therms and selectivities are very similar to those in Fig. 8
and therefore are not shown here. Figure 10 shows the radial
density distributions p(r) of the molecular centers of mass. In
this case, although all isomers adsorb into the internal annu-
lar sites, only nCs but not iCs or neoCs can intercalate the
interstitial channels. With increasing pressure from 0.003 to
3000 kPa, the peaks of all three isomers at the internal an-
nular sites and the peak of nCs in the interstitial channels
increase. The behavior here is different from the adsorption
of the mixture of C;-nCs linear alkanes on a bundle with g
=4.2 A shown in Fig. 7, in which all the linear alkanes can
intercalate the interstitial channels. This is because the inter-
stitial channel has a narrow attractive region, and only the
linear alkane molecules when parallel to the nanotube axis
can enter. This adsorption phenomenon suggests that with a
careful choice of the gap in carbon nanotube bundles, the

interstitial channels might act as molecular sieves to effi-
ciently separate linear and branched alkanes.

V. CONCLUSIONS

We have investigated the adsorption of pure linear and
branched alkanes and their mixtures on (10, 10) single-
walled carbon nanotube bundles using configurational-bias
Monte Carlo simulations. The limiting adsorption properties
for pure linear alkanes are found to be linearly related to
their carbon number, which permits one to estimate the lim-
iting properties for longer linear alkanes. Competitive ad-
sorption occurs in alkane mixtures as a consequence of size
and/or configurational differences between the components.
For a mixture of linear alkanes, the energetic contribution
prevails at low pressures and the long alkane is preferentially
adsorbed; however, the size entropy effect becomes more
important at high pressures and the short alkane progres-
sively replaces the long alkane. For a mixture of linear and
branched isomers, the configurational entropy effect domi-
nates, and there is greater adsorption of the linear isomer.
The selectivities of the different alkanes simulated imply that
it may be possible to produce adsorptive separation between
alkane mixtures using carbon nanotubes. All the alkane mol-
ecules adsorb only into the internal annular sites with a pref-
erential packing parallel to the nanotube axis on a bundle
with gap of 3.2A. However, only the linear alkane molecules
intercalate the interstitial channels and they are nearly com-
pletely parallel to the nanotube axis on a bundle with gap of
4.2A.

It is worth noting that the nonbonded interaction potential
between the alkane and the carbon nanotube was estimated
empirically in this work. Such a potential may not be accu-
rate because the interaction might be influenced by the nano-
tube curvature, which could change the localization of the
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electron density. In fact, the curvature-induced charge redis-
tribution and polarization in curved carbon nanotubes have
been recognized,'” and the force field parameters of the gas-
carbon interaction potential in carbon nanotubes have been
found to be curvature dependent.'”® To account for the influ-
ence of surface curvature, an accurate interaction potential
obtained, for example, from quantum chemical calculations
should be used. However, the interaction governing adsorp-
tion behavior here is mainly dispersive van der Waals forces,
which are difficult to calculate accurately from quantum
chemistry unless with sufficiently high level theory, very
large basis set, and a great deal of CPU time is used. Alter-
natives are to use hybrid techniques, as proposed by Clark ef
al.,'” in which the dispersive interactions are incorporated
by ad hoc empirical potentials; or using the HM-IE
method!'® as we have used to calculate the ab initio

PHYSICAL REVIEW B 72, 045447 (2005)

potentials of O, and N, with C,4 schwarzite and Cg,
respectively.!''"113 While we expect the use of a more accu-
rate potential might lead to some quantitative differences
from the results using the empirical potential, we do not
expect any qualitative differences.
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