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The selective adsorption behaviours of carbon dioxide, methane and nitrogen on bundles of function-
alized CMK-5 are investigated at 303 K using grand-canonical Monte Carlo simulations. Functional
groups (-OH, —COOH) cause a significant enhancement in CO, uptake (up to 19.5% at a pressure of
38.13 bar for —-COOQOH). On the other hand, the adsorption amount of methane decreases with respect
to bare CMK-5 by ~13% (at 38.13 bar) upon functionalization. Furthermore, functionalized CMK-5 with
different pore sizes (4 nm, 6 nm, 8 nm) and inter-tube distances (d = 0 to 1.5 nm) are used to investigate
the adsorption behaviour of flue gases. While the pore diameter is seen to reduce the isosteric heat of
adsorption, the inter-tube distance of 0.25 nm shows the highest uptake of CO, at p < 18 bar, followed
by 0.5 nm for the pressure range of 18 < p < 30 bar, whereas for p > 30 bar, d = 1.0 nm shows the
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maximum uptake. For methane and nitrogen, the maximum adsorption is obtained at d = 0.25 nm in the
studied pressure range. The selective adsorption of CO, in binary mixtures is investigated using ideal
adsorption solution theory. CO,-N, selectivity is found to increase significantly by surface functionaliza-
tion of CMK-5 compared to pure CMK-5. The maximum selectivity of CO,-CH,4 using —COOH function-

DOI: 10.1039/c5cp07422¢

Published on 13 April 2016. Downloaded by Indian Institute of Technology Kanpur on 9/24/2021 8:05:57 AM.

www.rsc.org/pccp

1. Introduction

Nanoporous carbon-based materials have become the subject
of major attention in recent years because of their potential
applications as adsorbents, storage materials,"” etc. These nano-
porous carbon-based materials are of great interest because of
their high stability, high surface activity,> low cost and weight.
However, it is very challenging to control the pore morphology and
topology of the classically used activated carbons during their
preparation process.’ Therefore, the materials do not possess well-
ordered pores and uniform pore sizes. Some carbons, such as
fullerenes and single-wall nanotubes (SWNTs), exhibit periodic
structures™® with voids that are potentially accessible to adsorbate
molecules. The periodically arranged fullerenes and SWNTs are
held together via weak van der Waals interactions™® and thus can
be considered as systems with permanent ordered porosity.”
Recently, nanocasting using highly ordered mesoporous materials
(such as silica) has made it possible to prepare novel mesostruc-
tured materials with permanent ordered porosity.® Ryoo et al. have
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alized CMK-5 is found to be ~10 for an equimolar CO,—-CH,4 mixture at a pressure of 38.13 bar.

shown that highly ordered mesoporous carbons can be obtained
by templating highly ordered silica materials.” The template
synthesis process to obtain mesoporous carbons is novel because
it enables precise control of the porous structure of the final
material. The structures of the carbons prepared in this way can be
tailored by selecting the appropriate template material.'® These
carbon materials offer mechanical and thermal stability, high pore
volume, electrical conductivity and useful surface properties. These
materials are useful in various applications, which include separa-
tion of unwanted molecules from aqueous or gaseous phases,""
catalysts in fuel cells and electrodes for capacitors.'

An important goal for the development of porous materials
is the separation/removal of CO,, which is emitted in industrial
and environmental processes and is one of the main causes
of global warming. While various studies'®*™> have been per-
formed using the liquid-gas absorption based method for the
separation of CO,, the method has inherent disadvantages,
such as low CO, loading, severe adsorbent corrosion and low
contact area. On the other hand, the capture of CO, on
mesoporous surfaces is much more effective, as summarized
by Choi et al.'® and Sayari et al.'” in their excellent review on
this topic. Plaza et al.'® showed that activated carbon is a good
adsorbent which is widely available and has high thermal
stability. Although activated carbon has several favourable
properties, its application is limited to high pressure gases.
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Zeolite is also reported as an adsorbent; however, it is
not efficient because of its large size, charge density and
chemical composition, as shown by Wang et al.’® Ordered
mesoporous silica is a promising candidate because of its
high surface area and highly ordered structure. Hence, several
mesoporous silica materials (e.g. M41S, SBA-15, AMS) have
been reported.’*>> However, their adsorption isotherms are
comparatively low. In the last decade, metal-organic frame-
works (MOFs) have been intensively investigated.,>*>® and
have shown exceptional adsorption capacities at high pressure
for MOFs. However, in the low pressure range, the adsorption
isotherms for CO, show less adsorption. Additionally, several
reports indicate low selectivity towards CO, from gas mix-
tures.>”*® Recently, covalent organic frameworks (COF) were
introduced as a new class of porous material. Unlike MOFs,
COF structures are entirely composed of light elements
(H, B, C, and O). Furukawa et al. have synthesized and used
several COFs for clean energy applications; they found that
COFs are among the best and most porous adsorbents for
CO,, CH,, and H,.*° Earlier studies have shown that single-
walled carbon nanotubes (SWCNT) can be used for adsorptive
separation of C0O,.>°? Cinke et al.®** found that the adsorp-
tion capacity was doubled for single-walled CNT compared to
that of activated carbon. Hexagonally arranged multi walled
carbon nanotubes (MWCNT) have also been used to investi-
gate the adsorption behaviour of carbon dioxide.** Moreover,
the surface chemistry of these materials can be tuned by
adding functional groups or by altering the charge distribu-
tion of CNT to enhance the interaction.**®

Recently, a variety of porous materials with regular pore
structures have been developed to expand the realm of
materials suitable for clean energy applications and to curtail
the greenhouse effect. Among these, a porous material,
CMK-5, displays some unique properties, including high
surface area and large pore volume,*”*® making it favourable
as an adsorbent. CMK stands for carbon material of Korea
because the first template based porous material was syn-
thesized by Ryoo et al.® Since then, several CMK materials
(up to CMK-9) have been synthesized using different templates
and precursors during the synthesis.*® Templated synthesis
of ordered carbons can be performed via volume-templated
or surface-templated carbons. In the first case, the entire
void space of the template is infiltrated with carbon, whereas
in the second case, carbon is introduced as a film on the
pore surface of the template. The volume templating method
gives a rod-like structure, while surface templating gives
a pipe-like structure. A typical example of volume templating
is CMK-3, in which carbon rods are arranged in a hexagonal
symmetry. CMK-5 is the only surface templated carbon.
Two techniques are widely used to enhance the adsorbate-
adsorbent interaction: one is the fabrication of new porous
material, and the other is surface functionalization, which
creates new surface active sites. In this study, we have used
molecular simulations to examine the effects of surface func-
tionalization of CMK-5 on the adsorption behaviour of different
flue gases.
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2. Model and methodology
2.1. MCM-41 preparation

The MCM-41 pore was obtained by carving out a regular
cylindrical pore of radius R, in an atomistic block of cristo-
balite (a non-porous silica mineral) following the method
first introduced by Pellenq et al. to prepare a numerical
sample of nanoporous silica materials.** To mimic the pore
surface in a realistic way, the Si atoms, which are in an
incomplete tetrahedral environment, were removed. All these
steps were performed using in-house code. In the second step,
all non-bonded oxygen atoms were removed. This procedure
ensured that the remaining silicon atoms have no dangling
bonds and the remaining oxygen atoms have at least one
saturated bond with a Si atom. Subsequently, the electro-
neutrality of the simulation box was ensured by saturating
all oxygen-dangling bonds with hydrogen atoms. The hydro-
gen atoms were placed in the pore void, perpendicularly to
the pore surface, at a distance of 1 A from the closest
unsaturated oxygen atom. The structure was further relaxed
by performing Monte Carlo simulations in the NVT ensemble
using in-house code at a high temperature. More details
regarding the MCM-41 pore model can be found in the work
of Coasne et al.** The MCM-41 pore model used in our work
has a pore diameter of 28 A, 8398 atoms, and a pore length of
106.95 A. A snapshot of the top and front view of the pore is
shown in Fig. 1.

The above MCM-41 structure was used as a template for
carbon adsorption. The interaction between the adsorbate
(the carbon atoms) and the silica matrix was assumed to be
weak and in the physisorption energy range. The interaction
energy was calculated using the PN-TrAZ potential, a simplified
version of the original PN-type potential function, as reported
for the adsorption of rare gases and nitrogen in silicalite-1.*>

The interaction between the carbon atoms was calculated
using the Reactive Empirical Bond Order (REBO) potential
proposed by Brenner.”® The energy between two carbon atoms
i and j was calculated using

U; = Vf}[r,]) + b,JVﬁj(ry), (1)

where Vj; is a pair repulsive term, V is a pair attractive term
and b;; is a bond order term which weights the attractive part of
the potential with respect to the repulsive part. The bond order
term is a many body term which depends on the local environ-
ment of atoms i and j.

Fig.1 The top view (a) and front view (b) of the MCM-41 pore.
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Table 1 Interaction parameters of adsorbates and CMK-5 adsorbent*+4748
Species Site ¢ (nm) ¢ (kcal mol ™) q (e)
CO, C 0.2757 0.0559 0.6512
(0] 0.3033 0.16 —0.3256
N in (N,) N 3.31 0.072 —0.482
COM (in N,) N 0.0 0.0 0.964
CH,4 C 0.35 0.066 —0.24
H 0.25 0.03 0.06
CMK-5 C 0.336 0.0556 0.0

2.2. Adsorption on CMK-5 surface

The intermolecular interaction energy between two molecules
is expressed below:

)G

E=de||—=) —(—] | +— 2)
riy Iy &ryj

The first term in the right hand side of eqn (2) represents the
standard 12-6 Lennard-Jones potential, and the second term is
the Columbic pairwise interactions between site i and site j of
two different molecules.

The potential parameters for CMK-5 were taken from Peng
et al (2009).** N, was modeled by the TraPPE force field
proposed by Potoff et al.,*> whereas CH, was modeled using a
four-site model.*® The CH, potential parameters were taken
from the OPLS model proposed by Jorgensen et al. (1990)."” In
the case of CO,, the EPM2 model proposed by Harris and
Yung*® was used. All the molecules were considered to be rigid;
hence, the bond bending potential was not included. The
interaction parameters for different atoms are listed in Table 1.
The Lennard-Jones interactions between unlike atoms were
approximated using Lorentz-Berthelot rules.*” Interaction
between two molecules beyond 1 nm was neglected to reduce
the computational time. The number of atoms was varied from
16 000 to 80 000.

2.3. Adsorption theory

The adsorption or surface excess of a given component is
defined as the difference between the amount of component
actually present in the system, and that which would be present
(in a reference system) if the bulk concentrations in the
adjoining phases were maintained up to a chosen geometrical
dividing surface. Thus, the absolute adsorption amount was
converted into excess adsorption of the adsorbate using eqn (3),

Nex = Nad - prfreey (3)

where N.x and N,q are the excess and absolute adsorption
amounts, respectively. py, is the bulk density of the adsorbate,
and Vi is the accessible volume for gas particles. Bulk density
can be calculated by performing independent grand-canonical
Monte Carlo (GCMC) simulations at different chemical potentials.
There are various methods to calculate the free volume.”*>* In
this work, the free volume was calculated using a helium (He)
adsorption technique.”

The adsorptive characteristics of an adsorbent can also be
analysed by studying the strength of the adsorbent-adsorbate
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interaction given by the heat of adsorption, which can be
obtained from GCMC simulations. Isosteric heat of adsorp-
tion®* (g is usually expressed in the approximated form as:

aUad
gst =~ RT — ( ) , (4)
' ONaa) 1.y

where U,q is the potential energy of the adsorbed phase. Eqn (4)
can be further modified in the form given below:

(UadNad) — (Uad)(Naa)
<Na 2) - <N€ld>2 ’

gst = RT — (5)
where the angled brackets represent an ensemble average.
Adsorption selectivity in a binary mixture of components i

and j is defined as
Xi\ [ Vi
Sii=—])= 6
=()0) ®

where x; and y; are the mole fractions of component i in the
adsorbed and bulk phases, respectively.

3. Simulation details
3.1. CMK-5 preparation

We began with a MCM-41 cylindrical pore model as a template
for our CMK-5 model. We subsequently performed GCMC
simulations for the adsorption of carbon atoms in an MCM-41
pore model of diameter 28 A and a length of 106.95 A, as shown
in Fig. 2a. In the usual experimental procedure for CMK-5
preparation, adsorption of a polymer inside the silica template
is first performed. This is followed by carbonization (heating at
high temperature) and removal of the silica template. We
avoided following the exact experimental procedure, as our
interest is in the final structure of the porous matrix. Thus, in
this molecular simulation work, the carbon atoms are first
adsorbed in the MCM-41 pore. This is achieved at a high
temperature of 3000 K, as at lower temperatures the adsorption
process of carbon atoms is not efficient due to the low acceptance
ratio. The GCMC code for the development of the CMK-5 (using
REBO potential for the interaction between carbon atoms and
PNTraz potential for the interaction between silica and carbon
atoms) was developed in the group of Keith Gubbins at NCSU.
Periodic boundary conditions are assumed only along the pore
axis (X-axis) to obtain the cylindrical pipe shape. In order to

Fig. 2 (a) Carbon pipe obtained by carbon adsorption in the MCM-41
pore. Carbon pipe obtained after removing the silica template and relaxing
the carbon structure: (b) top view and (c) side view.
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increase the speed of the simulation, we divided the simulation
box into a fine grid of 100 x 100 x 100 and calculated the
interaction of one adsorbate (carbon) atom with the adsorbent
(MCM-41 silica) at each grid point. During the GCMC simulation,
the adsorbate-adsorbent potential energy was calculated using a
trilinear interpolation in the energy grid. Starting with many
carbon dimers located near the pore surface, we gradually raised
the chemical potential and recorded the average number of
adsorbed carbon atoms. We stopped the simulation when we
reached the specified pore width of carbon atoms inside the
MCM-41 pore, which decides the diameter of the CMK-5. We then
removed the MCM-41 silica template and obtained the final
carbon structures (pipes), which are roughly cylindrical. These
carbon structures (individual carbon pipes) were then relaxed
(relaxed in NVT ensemble) with REBO potential. The radial
distribution function of the C-C atoms of this material can be
found in the ESIf (S1). Since experimentally’” obtained CMK-5
is hexagonally arranged, we placed the final relaxed individual
amorphous carbon pipes in a hexagonal lattice using VMD (Visual
Molecular Dynamics) software® to obtain CMK-5 models with
different inter-tube distances. The inter-tube distance results were
obtained assuming a periodic structure of CMK-5, although the
basic structure is highly amorphous. CMK-5 is a carbon material
that has carbon nanopipes arranged in hexagonal symmetry.
Therefore, in this work, CMK-5 refers to all the models in which
carbon pipes are arranged in hexagonal symmetry (irrespective of
tube diameters and inter-tube distances).

The final CMK-5 structures are amorphous, as the carbon
atoms are present in a disordered configuration. We emphasize
that we are not mimicking the synthesis process in our simula-
tions. In reality, a carbon precursor is infiltrated into the silica
template and is then polymerized and carbonized to obtain the
carbon. In our case, we are not simulating the polymerization
or carbonization process, as we are interested in the final
carbon structure only. By simulating the carbon adsorption in
a silica pore, we obtain a carbon structure that resembles and
contains the features of a realistic carbon replica obtained from
a silica template.

The carbon-silica (fluid-wall) potential energy in our case is
physisorption energy, and thus is much smaller in magnitude
than the carbon-carbon (fluid-fluid) energy that involves the
formation of a covalent bond. Thus, the wetting of the silica
surface by carbon atoms, which is necessary to obtain carbon
pipes, is not observed. Hence, we increased the fluid-wall
potential energy at each grid point by multiplying the fluid-
wall energy obtained with the PN-Traz potential** with a fixed
integer. The use of the reactive REBO potential ensures that the
chemistry of the carbon atoms is correctly reproduced at the
local level. The final carbon structures (carbon nanopipes)
consist of rings (5,6, and 7-membered) of carbon atoms, as
found in microporous carbon models.”®*” The final structure
of CMK-5 is shown in Fig. 2b and c.

3.2. Functionalization

We added different functional groups to our arrays of carbon
nanopipes to study the effects of functional groups on adsorption.
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Table 2 Interaction parameters of functional groups>®
Group Site ¢ (nm) ¢ (kcal mol ™) q (e)
Hydroxyl c? 0.2
O 0.307 0.1554 —0.64
H 0.44
Carboxyl c? 0.08
C 0.375 0.1033 0.55
(0] 0.296 0.21 —0.5
O 0.3 0.1701 —0.58
H 0.45

C® is the carbon located in the plane of the nanopipe surface.

The method to add functional groups is as follows: we randomly
selected a carbon atom and added a functional group in the radial
direction perpendicular to the pore wall. We then checked for
overlap of the functional group with other carbon atoms of the
matrix and with other functional groups that were already
added. If an overlap existed, we did not add the functional
group and we randomly selected another carbon atom to add
the functional group.

The functional groups are attached to the internal surface as
well as to the external surface of the carbon nanopipes. In this
work, two different groups were used, namely carboxyl (-COOH)
and hydroxyl (-OH) groups. The distance, angle and potential
parameters are tabulated in Table 2. We varied the percentage of
functionalization (by weight) from 2% to 5%.

3.3. Simulation setup

Fig. 3 shows the schematic of micro-porous nanopipes in a unit
cell where the nanopipes are arranged in a hexagonal lattice.
The simulation box is periodic in all three directions. Since the
diameter of the tube is not constant, the external diameter was
used for obtaining the cell dimensions. Different inter-tube
distances, viz., 0 nm, 0.25 nm, 0.5 nm, 1 nm, and 1.5 nm, were
used to analyse the effects of porosity. In a unit cell, two
nanopipes were placed to observe the adsorption on the internal
nanopipe surface as well as on the external nanopipe surface.
The length of the unit cell in the direction of the nanopipe axis
was fixed at 8.14 nm. The remaining dimensions of the unit cell
were adjusted using the external diameter of the nanopipe and
the inter-tube distance. GCMC simulations were conducted to
study the adsorption of various gas molecules. Carbon dioxide,
methane and nitrogen were used as adsorbates for this adsorp-
tion simulation. The temperature and volume of the simulation
box were kept constant. Multiple simulations were conducted
using different chemical potential values to generate the adsorp-
tion isotherm. The pressure calculations can be found in the
ESIT (S2). Since flue gas is generally cooled to 25 °C to 30 °C
before the removal of CO,, we fixed the temperature to 303 K
for the current study. Three Monte Carlo (MC) moves were
employed in the simulation. The probabilities for the different
moves were 0.2 for the translation move, 0.1 for the rotational
move, and 0.7 for the addition/deletion move. Each GCMC
simulation consisted of an equilibration run of 2.5 x 10" MC
steps and an equal amount of steps for the production run.

This journal is © the Owner Societies 2016
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Fig. 3 Schematic of CMK-5 used in the GCMC simulations, with an inter-
tube distance d.

4. Results and discussion
4.1. Adsorption on pure CMK-5

We start the discussion with the adsorption isotherms of pure
CO,, CH, and N, on the bare CMK surface, as shown in Fig. 4.

The excess adsorption increases with pressure, as expected,
for all three gases considered in this work, although the
behavior is dependent on the type of the gas molecule. While
CO, is more favorable as an adsorbate, reaching 7.8 mmol g~ "
at P = 38.14 bar, the corresponding values for N, and CH, are
~1.5 and 2.5 mmol g, respectively. The amount of gas uptake
is in the order of N, < CH, < CO,, which is in accordance with
the interaction strengths of the gases with CMK-5. To obtain a
better understanding of the adsorption behavior, the local
density is presented in Fig. 5. Two distinguishable peaks are

=O=co,
=O=CH,
=O=N,

Nexcess (mmol/g)

30 40

10

20
P (bar)
Fig. 4 Excess adsorption isotherms of CO,, CH,4, and N, in bare CMK-5

arrays with a tube diameter of 4 nm and an inter-tube distance of 1 nm at
T =303 K.

0.3

06
% 02 0.4
o o2
0.0 0,0l

0 0

Fig. 5 Local density profiles of (a) CHy, (b) CO,, (c) N, adsorbed on the
surface of the pore wall. Herein, r is the distance from the nanopipe center.
The dash dot dotted, dashed, dash dotted, and straight lines represent the
density profiles at 23.13, 8.51, 3.13, and 1.15 bar, respectively.
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excess
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01 2345678910
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Fig. 6 (a) Excess adsorption of CO,, CH4, and N5 as a function of pressure
and (b) heat of adsorption as a function of excess adsorption in functio-
nalized CMK-5 arrays with a pore diameter of 4 nm and an inter-tube
distance of 1.0 nm at 303 K. Solid and dashed lines represent adsorptions in
carboxyl group and hydroxyl group (4% by weight) functionalized CMK-5,
respectively.

observed next to the inside and outside of the pore wall for each
case, indicating monolayer adsorption of gas molecules on the
nanopipe wall. The pronounced adsorption with increasing
pressure is evident from the increase in the peak height of
the density profile with pressure. Furthermore, it is clear that
adsorption, for P < 23.13 bar, occurs within the first layer next
to the CMK-5 surface. Nevertheless, the formation of a second
layer is initiated at higher pressure. At lower pressures, the peak
height inside the pore is greater than the peak height in
the inter-tube region. However, at higher pressures, the peak
heights are similar.

4.2. Adsorption on functionalized CMK-5

Fig. 6a presents the effects of carboxyl and hydroxyl function-
alized CMK-5 on the adsorption isotherms of CO,, CH, and N,.
For all gases, carboxylic group functionalized CMK-5 shows
much greater affinity for adsorption than hydroxyl group func-
tionalized CMK-5.

At higher pressures, for CO,, the excess adsorption is
comparatively higher for both carboxyl group functionalized
CMK-5 and hydroxyl group functionalized CMK-5 than for
pure CMK-5. At P = 38.14 bar, the excess adsorption isotherm
of carbon dioxide is 9.7 mmol g~ ' (for pure CMK-5, it is
~8 mmol g~'). However, in the case of methane, the excess
adsorption isotherm at higher values of pressure is less than
that seen for the bare CMK-5. The binding energy or effective
interaction strength of gas molecules with CMK-5 can be inter-
preted from gy when the number of gas molecules approaches
zero (see eqn (4)). Hence, a higher g at a lower value of Neycess
indicates a higher interaction strength of the gas molecule with
the CMK-5. The corresponding values for nitrogen and CO, are
~10 k] mol ! and ~ 24 k] mol ?, respectively. This supports the
observation of low amounts of adsorption for nitrogen. The
effect of the functional group is also reflected in the heat of
adsorption, as shown in Fig. 6b. In most cases, g5, monotonically
decreases with increasing adsorption amount, which is expected
(until the monolayer is saturated). In the case of carboxyl group
functionalized CMK-5, the interaction strength is higher than that
for hydroxyl group functionalized nanopipes for all adsorbates.
For further investigation, snapshots of carbon dioxide, methane
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Fig. 7 Images of CO; (a and b), CH4 (c and d), N, (e and f) in 4% —COOH
(top) and —OH (bottom) functionalized CMK-5 arrays with 4 nm diameter
and 1 nm inter-tube distance at 1.15 bar and 303 K. Blue color represents
the functional groups attached to CMK-5.

and nitrogen in different functionalized CMK-5 are presented
in Fig. 7.

The snapshots illustrate that at a given pressure, the adsorp-
tion amount for all the gases is higher for -COOH function-
alized nanopipes than for -OH functionalized nanopipes. It is
observed that -COOH functionalization allows the monolayer
to be filled within the interior section of the pore, in contrast to
the ~OH functionalized CMK-5. The snapshot also reveals that
CO, has the strongest interaction with functionalized CMK-5,
as depicted by the enriched amount of adsorption within the
pore. While the -OH group also causes significant adsorption,
as observed by the appearance of a second layer in the case of
CO,, the effect is not as pronounced as that seen for -COOH.
Afterward, the functionalization density of CO, slightly increases
inside the CMK-5 compared to outside the CMK-5. This behavior
is attributed mainly to the increased density of the functional
groups within the pore, leading to preferential adsorption inside
the pore. Hence, the density inside the pore increases with
increasing pressure. This is also evident from the snapshots
shown in Fig. 7.

4.3. Effect of different amounts of functionalization

Now, we turn our attention to the effect of different amounts of
functionalization on the excess adsorption and heat of adsorp-
tion. Fig. 8 (top) presents the excess adsorption of CO,, CH,,
and N, for different percentages of carboxylic group function-
alized CMK-5. In the case of carbon dioxide, the excess adsorp-
tion increases with increasing amount of -COOH groups.
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Nexcess (mmol/g)
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NEXCESS

Fig. 8 Excess adsorption isotherm (top) and isosteric heat of adsorption
(bottom) of CO, (red), CH,4 (black), and N, (blue) in —COOH group
functionalized CMK-5 with 4 nm pore size and 1 nm inter-tube distance.
The triangle, square, and circle symbols represent pure CMK-5, 2%
—COOH functionalized CMK-5, and 5% —COOH functionalized CMK-5,
respectively.

However, a relatively negligible enhancement of excess adsorption
is seen for methane and nitrogen (particularly at low pressure).
Since the interaction strengths of methane and nitrogen with
both functional groups are weak, the increase in the percentage of
functionalization does not cause significant enhancement in their
adsorption amounts. However, the heat of adsorption for -COOH
functional CMK-5 shows some significant changes, as seen
in Fig. 8 (bottom). At a lower pressure, the electrostatic and
dispersion interactions between the carbon dioxide molecules
and -COOH groups play a major role in the significant enhance-
ment of the heat of adsorption (at a lower value of excess adsorp-
tion), which is seen relatively less for CH, and N,. This can be seen
in the snapshot given in the ESIT (S3).

Fig. 9 presents the excess adsorption and heat of adsorption
for CO,, CH,4, and N, in hydroxyl functionalized CMK-5. For
methane and nitrogen, a slight deviation in the adsorption
isotherm from pure CMK-5 is seen with increasing amounts of
functional groups, which is also supported by the isosteric heat
of adsorption. This is attributed to the lesser attraction of
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Fig. 9 Excess adsorption isotherm (top) and isosteric heat of adsorption
(bottom) of CO, (red), CH4 (black), and N, (blue) in —OH group function-
alized CMK-5, with 4 nm pore diameter and 1 nm inter-tube distance. The
triangle, square, and circle symbols represent pure CMK-5, 2% function-
alized CMK-5, and 5% functionalized CMK-5, respectively.
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methane and nitrogen towards the functional group. With
increasing percentage functionalization, the active sites decrease
for methane and nitrogen molecules, leading to a decrease in the
adsorption amount. In the case of nitrogen, the effect is extremely
small, and can be neglected for the given pressure range. Mean-
while, for CO,, the excess adsorption increases slightly with the
introduction of additional -OH functional groups due to the
stronger interaction strength of CO, with the functional groups,
unlike that for methane and nitrogen.

In comparison with the adsorption amount for the gas
molecules in pure CMK-5, the adsorption amount for CO,
was found to increase significantly with the introduction
of more carboxyl groups. For example, 5 wt% functionalized
CMK-5 with -COOH groups enhances the amount of adsorption
of CO, by 19.5%. On the other hand, for methane, the situation
is quite the opposite for -OH functionalized CMK-5, i.e. the
presence of more functional groups leads to a decrease in the
adsorption amount such that for 5 wt% -OH functionalized
CMK-5, a ~13% reduction in the excess adsorption is seen
compared to bare CMK-5. The CO, capacities of functionalized
CMK-5 with —COOH and -OH groups reac 9.7 and 9.4 mmol g~ *
at ~38 bar and 303 K, respectively, which is close to the
experimental CO, uptake of CMK-3 (10.5 mmol g~ " at 298 K)
using similar hexagonal arrangements.>® However, our results
differ from those of Peng et al.,*® who obtained a CO, capacity of
28 mmol g ' at 40 bar and 298 K on bare CMK-5; this is
significantly higher than the corresponding value in our case
(8.5 mmol g~ " at 38 bar and 303 K in bare CMK-5). It should be
noted that the models used in this work and by Peng et al. are
dramatically different. While we have considered an all atom
approach, Peng et al. considered a non-structured surface for
CMK-5 and single site beads for fluid molecules. We believe that
the difference in the models may be reason for the discrepancy.

4.4. Effect of pore diameter

Since adsorption behavior depends on the structure and geo-
metrical size of a material, we have studied the effect of the

Nexcess (mmol/g)
S N B N

_20[% 9
s}
£16 8
=
=12 7
S
>
8 6
0 2 4 6 0 1 2 1
Noycess (mmol/g)

Fig. 10 Excess adsorption isotherm (top) and isosteric heat of adsorption
(bottom) of carbon dioxide (red), methane (black) and nitrogen (blue) in 2%
carboxylic group functionalized CMK-5, with 1 nm inter-tube distance, at
303 K, respectively. Symbols, triangle, circle, and diamond represent 4 nm,
6 nm, and 8 nm diameter, respectively.
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pore size of CMK-5 on the separation and storage of flue gases.
Here, we used three different pore sizes, viz., 4 nm, 6 nm and
8 nm. We show that for any operating storage pressure, there is
a unique nanopipe size that maximizes the overall gravimetric
uptake of a flue gas. The excess adsorption isotherms for the 2%
carboxylic group functionalized CMK-5 with different diameters
and a constant inter-tube distance of 1.0 nm are given in Fig. 10.

It is evident from Fig. 10 that as the pore diameter is
increased, the excess adsorption decreases though absolute
adsorption would still increase,®** as can be seen in Fig. 11.
The uptake of each pure gas decreases with increasing diameter
due to the increase in the curvature of CMK-5. This in turn
resulted in a decrease in the local density of adsorbate molecules
around the adsorbent molecule because of the reduced inter-
action with the adsorbate. As the pore diameter increases from
4 nm to 6 nm, a significant decrease in the excess adsorption is
seen. However, the decrease in the excess adsorption is slight

Fig. 11 Images of absolute loading of CO, (a—c), CH,4 (d—f), and N, (g—i) in
2% functionalized CMK-5 with diameters of 4, 6, and 8 nm, respectively
at 3.13 bar, 303 K. Blue color represents the functional groups attached
to CMK-5.
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when the diameter increases from 6 nm to 8 nm. Similar
behavior has been observed in earlier studies.®® The effect of
diameter was also noted on the isosteric heat of adsorption, as
shown in Fig. 10 (bottom). We observe that the isosteric heat of
adsorption decreases with increasing pore width. This phenomenon
can be explained in terms of the fluid—fluid interactions and the
fluid-solid molecule interactions. Fluid—fluid interaction dominates
at high loading because of the greater number of neighboring
adsorbed molecules. Meanwhile, solid-fluid interactions dominate
at low loading because of the overlapping of solid-fluid potential
from both neighboring and opposite solid pore molecules. At higher
pore widths, the contribution from the opposite pore wall decreases,
and hence the total isosteric heat of adsorption decreases with pore
width. Similar observations were made by Peng et al.®* g, typically
decreases with excess adsorption until the monolayer is saturated
(or before the initiation of second or higher layers). The effect of
diameter is not seen to be great at lower pressures or lower values of
adsorption on gg.

4.5. Effect of inter-tube distance on adsorption

Fig. 12 shows the adsorption isotherms of CO,, CH, and N, for
different inter-tube distances (d = 0 to 1.5 nm) on bare CMK-5.
At a lower inter-tube distance, the isotherm saturates at lower
values of pressure. This is mainly due to the lower volume
available for adsorption. However, with increasing inter-tube
distance, the saturation occurs at higher pressures. This is
evident for the case of CO, within the pressure range studied
in this work. The inter-tube distance affects the excess adsorption
by affecting the groove regions. At lower inter-tube distance, the
grooves are the preferred adsorption regions, which is not the case

g}—o—0nm
~0-025nm

6F-2-0.51m 2 1
~o—1nm

4f=o~15m

Nexcess (mmol/g)

=

@], ® o ©

0 10 20 30 400 10 20 30 400 10 20 30 40
P (bar)

Fig. 12 Effect of different inter-tube distances of bare CMK-5 on the
adsorption capacity of (a) CO,, (b) CH,, and (c) Na.
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for higher inter-tube distances, leading to crossover behavior of
the adsorption isotherm. The inter-tube distance of 0.25 nm
shows the highest uptake of CO, up to pressures <18 bar,
followed by the 0.5 nm inter-tube distance for the pressure range
of 18 < p < 30 bar. For all other pressures >30 bar, the
maximum uptake of CO, is observed at d = 1.0 nm. For methane
and nitrogen, the maximum adsorption is observed at d = 0.25 nm
in the studied pressure range.

For methane and nitrogen gases, the maximum uptake is
observed at d = 0.25 nm due to enhanced adsorption in the
groove regions. However, with further increase in the inter-tube
distance, the amount of adsorption decreases due to the weak
affinity of methane and nitrogen gases with CMK-5 carbon
atoms. Nevertheless, the effect of inter-tube distance is rela-
tively less for CH, and N, compared to that seen for CO,.

4.6. Fitting of adsorption isotherms from GCMC simulations

In order to predict the adsorption isotherms of binary mixtures,
we first fit the adsorption isotherms of pure components using
the Langmuir isotherm equation. The model parameters
obtained from the fit for different adsorbates in functionalized
CMK-5s are tabulated in Table 3. In order to predict the adsorp-
tion behavior of binary gas mixtures, we used IAST, which utilizes
the absolute adsorption isotherms of the pure components.
In this work, we estimated the adsorption isotherms of 3 types

()

Nadsorbed (mmol/g)

Fig. 13 Adsorption isotherms of equimolar mixtures by IAST prediction in
5% (a) —COOH, (b) —OH functionalized CMK-5 with a diameter of 4 nm
and an inter-tube distance of 1.5 nm. The triangle, circle, and square
symbols represent CO,/CH,4, CO,/N, and CH4/N, mixtures, respectively.
The colors red, black and blue represent CO,, CH4 and N, respectively.

Table 3 Model parameters for the Langmuir isotherm equation obtained by fitting absolute adsorption isotherms from GCMC simulations. g is the

monolayer capacity (mmol g7%) and k is the Langmuir constant (bar™?)

CMK-5 functionalization

-OH -COOH
Component Pore diameter (nm) % Functionalization Inter-tube distance (nm) q k q k
CO, 4 2 0.5 25.071 0.015 9.66 0.063
6 4 1.0 9.192 0.042 7.22 0.135
8 5 1.5 9.139 0.047 6.26 0.233
CH,4 4 2 0.5 8.494 0.014 6.76 0.02
6 4 1.0 8.748 0.011 5.94 0.021
8 5 1.5 10.122 0.01 6.13 0.022
N, 4 2 0.5 0.97 0.03 1.98 0.019
6 4 1.0 0.253 0.05 1.15 0.026
8 5 1.5 0.085 0.07 1.01 0.03
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Fig. 14 Selectivity of equimolar mixtures by IAST prediction in bare CMK-5
(@) and 5% (b) —OH, (c) —~COOH functionalized CMK-5 with a diameter of
4 nm and an inter-tube distance of 1 nm.

of equimolar binary mixtures, viz. CO,-CH,, CH4-N,, and
CO,-N,.

Fig. 13 presents the total adsorption amounts of different
binary gas mixtures in the functionalized CMK-5. The trends
observed for the adsorption isotherms of different gases in the
mixtures are similar to those observed for the pure component
isotherms. The CO, adsorption capacity is the highest for
COOH functionalization. Adsorption uptake can be analyzed
by the Langmuir’s constants listed in Table 3. The values of the
Langmuir’s constants correlate well with the maximum mono-
layer capacities of the OH and COOH functionalized CMK-5.

Furthermore, we also observed that the adsorption rate is
high for COOH functionalization compared to OH functionali-
zation, as the COOH modified surface saturates more quickly.
The IAST data is used to examine the selectivity of different
functionalized CMK-5, which is shown in Fig. 14.

It is observed that -COOH functionalized CMK-5 is more
selective towards carbon dioxide than the other gases. The
selectivity for the mixtures studied in this work follows the
order Scu, n, < Sco,cu, < Sco,-n,- For the CH,-N, binary
mixtures, the selectivity varies in the range of 2 to 5 and
increases slightly upon functionalization.

In the case of the CO,-CH, mixture in -COOH function-
alized CMK-5, the selectivity towards CO,-CH, is ~10 at
P ~ 38 bar, which is around 2 times higher than that of the
bare CMK-5. The selectivity increases significantly for the
CO,-N, mixture after functionalization of CMK-5 with -OH
and -COOH groups. The current study suggests that while the
CO,, adsorption capacity of CMK-5 is not enhanced dramati-
cally, the selectively is significantly higher (200%) for -COOH
functionalized CMK-5. This is primarily due to the effect
of -COOH, which leads to an enhancement of CO, adsorption
along with a decrease in the adsorption capacity of other gases,
leading to higher selectively for CO,. Hence, CMK-5 with COOH
functionalization is a suitable material for efficient gas separation.

5. Conclusions

Adsorption mechanisms of CO,, CH,, N, on functionalized
CMK-5 arrays were investigated using GCMC simulations. The
Langmuir isotherm model was found to fit the adsorption
isotherms extremely well. The adsorption behavior was analyzed
using adsorption isotherms, local density distribution and the
isosteric heat of adsorption of pure gases. It was observed that
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functionalization affected the adsorption isotherms. More pre-
cisely, upon functionalization, the uptake increases for CO,;
however, it slightly decreases for CH,. On the other hand,
negligible enhancement of nitrogen adsorption can be seen
for -COOH functionalization. In terms of adsorption capacity,
-COOH functionalized CMK-5 was much more favorable
than -OH functionalized CMK-5. Moreover, it was observed
that the pore diameter plays a major role in the adsorption
isotherms for pure gases. For all adsorbates, the excess adsorp-
tion isotherm decreases with increasing pore diameter. The
effect of inter-tube distance was found to be negligible on the
adsorption behavior of flue gases. Inter-tube spacing also
affects the excess adsorption of CO,, CH,, and N,. For low
pressure, p < 18 bar, maximum adsorption was observed for
d = 0.25 nm, followed by d = 0.5 nm in the pressure range of
18 < p < 30 bar. However, for p > 30 bar, the maximum
adsorption was observed at d = 1.0 nm. For methane and
nitrogen, the maximum uptake was found at d = 0.25 nm in
the studied pressure range.

The adsorption mechanism was further investigated for
equimolar binary mixtures of CO,~CH,, CO,-N, and CH,-N,.
The selectivity of these gases was predicted using IAST theory.
For the CO,-CH, binary mixture, the selectivity of CO, was
highest for the -COOH functionalized CMK-5 system. The selec-
tivity was found to follow the order Scu, n, < Sco,cH, < Sco, N,
Considering the twofold higher selectivity of CO, over other gases
for -COOH functionalized CMK-5 as opposed to bare CMK-5,
CMK-5 with COOH functionalization was found to be a suitable
adsorbent for efficient gas separation.
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