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Grand canonical Monte Carlo (GCMC) simulation is used to study the adsorption of pure SO2 using
a functionalized bilayer graphene nanoribbon (GNR) at 303 K. The functional groups considered in
this work are OH, COOH, NH2, NO2, and CH3. The mole percent of functionalization considered in
this work is in the range of 3.125%–6.25%. GCMC simulation is further used to study the selective
adsorption of SO2 from binary and ternary mixtures of SO2, CO2, and N2, of variable composition
using the functionalized bilayer graphene nanoribbon at 303 K. This study shows that the adsorption
and selectivity of SO2 increase after the functionalization of the nanoribbon compared to the hydrogen
terminated nanoribbon. The order of adsorption capacity and selectivity of the functionalized nanorib-
bon is found to follow the order COOH > NO2 > NH2 > CH3 > OH > H. The selectivity of SO2

is found to be maximum at a pressure less than 0.2 bar. Furthermore, SO2 selectivity and adsorption
capacity decrease with increase in the molar ratio of SO2/N2 mixture from 1:1 to 1:9. In the case of
ternary mixture of SO2, CO2, N2, having compositions of 0.05, 0.15, 0.8, the selectivity of SO2 over
N2 is higher than that of CO2 over N2. The maximum selectivity of SO2 over CO2 is observed for
the COOH functionalized GNR followed by NO2 and other functionalized GNRs. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4974309]

I. INTRODUCTION

Emission of acidic gases such as CO2 and SO2 due to the
burning of fossil fuels has become an environmental and health
hazard. Recently, sequestration of CO2 from flue gas, to curtail
the greenhouse gas effect, has drawn unprecedented atten-
tion.1–3 On the other hand, SO2 being one of the most harmful
gases arising mostly from flue gas is equally hazardous, and
therefore it also needs to be captured. Emission of SO2 causes
acid rain which has a detrimental effect on the fertility of
soil and walls of buildings and monuments. Moreover, it can
adversely affect the respiratory systems. Therefore, controlling
its emission has become increasingly urgent for environment
and human health. Removal of SO2 from flue gas can be cate-
gorized into either dry or wet recovery.4 Conventionally, flue
gas desulfurization is accomplished by an absorption process,
such as ammonia scrubbing, limestone scrubbing, and organic
solvent absorption.5–7 Amine solutions, such as ethylenedi-
amine and amino acids, are also reported to be efficient for flue
gas desulfurization.8,9 However, these conventional methods
have some inherent disadvantages like, generation of sec-
ondary pollutants, loss of solvents, large amount of water, and
excessive energy consumption for regeneration.10 Recently,
azole based ionic liquids have also shown great potential for
flue gas desulfurization due to their high thermal stability and
tunable properties.11,12 Adsorption process provides an alter-
native and promising technology for emission control of SO2

from flue gas. Compared to the absorption process, adsorption
process is relatively simple and less energy intensive without
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any byproduct. Since the partial pressure of SO2 is very low
in flue gas, the promising adsorbent should have high capacity
at ambient conditions. Hence, to capture SO2 efficiently, the
quest of better adsorbent is warranted. In order to understand
the mechanism of SO2 adsorption, numerous adsorbents have
been reported in the literature, including activated carbons,13,14

carbon nanotubes (CNTs),15,16 zeolites,17,18 supported poly-
mers,19 carbon fibers,20,21 and more recently metal-organic
frameworks.22,23

Among these adsorbents, carbon based adsorbents have
shown better affinity towards SO2. Although zeolite and metal
organic frameworks have high micropore volume resulting
in high capacity, most of them are not stable under humid
conditions. Due to its better stability under such conditions,
carbonaceous materials are more appealing than the frame-
work materials. In addition, functional groups at the surface
of activated carbons, which consists of edge functionalized
broken graphene sheets, can positively influence the adsorp-
tion capacity of an adsorbent.24 Thus, there are techniques,
which are used frequently in the literature to enhance the
material adsorption capacity such as the fabrication of new
porous materials and incorporation of functional groups to
the surface of the material.25–29 Recently, graphene, a one-
atom thick 2-D layer of graphite, has been synthesized by
Novoselov et al.30 This has resulted in extensive investiga-
tions on graphene based structures in various fields of research
due to its unique physical property and applications.31 Numer-
ous gas adsorption studies using graphene surface have been
reported recently,32,33 which show that gas molecules such as
NO2, CO2, and NH3 can get physically adsorbed on pristine
graphene. Graphene nanoribbon can also be used as a chem-
ical sensor for certain gases such as NH3.34 However, the
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adsorption efficiency of graphene based materials for SO2

adsorption has not been studied to the best of our knowl-
edge. Grand canonical Monte Carlo (GCMC) based computer
simulation is one of the common methods to understand the
adsorption behaviour of gases in porous materials. Several
adsorption studies of CO2, CH4, H2, and N2 on different porous
materials have been reported using GCMC simulations.35–39

This method is successfully used to predict the capacity of a
porous material to store energy gases such as methane and
hydrogen under different conditions.40–43 In this study, we
have used GCMC simulation to investigate the effect of edge
functionalization in bilayer graphene nanoribbons (GNRs) on
separation of SO2 from binary and ternary mixtures of SO2,
CO2, and N2. The following acidic and basic functional groups
are considered in this work: OH, NH2, CH3, COOH, and NO2.
Thus, the motivation of this work is to find out the effect of
functionalization on the adsorption capacity and selectivity of
the GNR.

II. MODELS AND METHODS
A. Potential models

In this work, three-site rigid models of Potoff et al. are
used to represent sulfur dioxide, carbon dioxide, and nitrogen
molecules.44,45 In these models, charges are located at each
site. The potential parameters and procedure to functionalize
the GNR are taken from Dasgupta et al.46 The process of func-
tionalization is discussed in Sec. II B. The authors have found
that the classical parameters for functionalized graphene cap-
ture the effective interactions with the adsorbates accurately.
Furthermore, orientation of adsorbates obtained from the clas-
sical forcefield is also in close agreement with the optimized
orientation using the density functional theory. In the course
of simulations, the adsorbate and adsorbent are considered to
be rigid with frozen atoms, i.e., during translation and rotation
moves, the bond length and bond angle of adsorbate molecules
are kept fixed. The interaction energy between two pairs of
molecules is expressed as the sum of Lennard-Jones (LJ) and
Coulombic interactions as follows:

E =
∑

ij

4ε ij



(
σij

rij

)12

−

(
σij

rij

)6
+

∑
ij

Cqiqj

εrij
, (1)

where rij and σij are distance between sites i and j of
two molecules and the distance at which cross LJ interac-
tion potential is zero, respectively. ε ij is the energy param-
eter between two sites of a molecule, and qi and qj are
charges on site i and site j of two molecules, respectively. All
the interactions between fluid-fluid and fluid-solid molecules
are calculated site-wise, whereas cross interaction energy
parameters are approximated using Lorentz-Berthelot rules
(i.e., ε ij = (ε iiε ij)1/2 and σij = (σii + σjj)/2).47 All the energy
and size parameters of the adsorbate and adsorbent are listed
in Tables I and II, respectively.

B. Simulation details

Fig. 1 shows the snapshot of the bilayer GNR in AB stack-
ing which is used in this work. In AB stacking, carbon atoms

TABLE I. Force field parameters for SO2 and N2 molecules.44,45

Atom σ (Å) ε (kcal/mol) q (e)

S 3.39 0.147 0.59
O 3.05 0.157 −0.295
N 3.31 0.072 −0.482
N (COM) 0.0 0.0 0.964

in the top layer is at the center of the hexagon formed by car-
bon atoms of the lower layer and this arrangement is more
stable than other stackings.48 There are 192 carbon atoms in
each sheet having a stacking distance of 3.34 Å.46 The bond
length between the two carbon atoms in the layer is 1.42 Å.
The GNR is considered as a hydrogen terminated nanoribbon
of graphene. In order to study the effect of different functional
groups on the adsorption behavior of SO2, hydrogen termi-
nated edges of each graphene nanoribbons are replaced by
aforementioned functional groups, alternatively. Simulations
are performed for two different concentrations (by mole) of
functional groups, viz., 3.125% and 6.25%. The former results
in a total of 12 functional groups in the system having 6 func-
tional groups at the edges of each sheet. On the other hand, in
the latter case there are totally 24 functional groups in the sys-
tem having 12 groups at the edges of each sheet. A graphene
nanoribbon of width 15 Å is made periodic in the y direction
only and it is placed parallel to the x-y plane in the simulation
box. The box dimension in the x and z directions is taken large
enough to avoid the effect of its periodic images on the adsorp-
tion phenomenon. The simulation box dimensions that we have

TABLE II. Force field parameters for graphene and functional groups, where
Ce is the carbon atom of graphene which is attached to the functional group.
Oa is the oxygen atom which is connected to carbon with double bond whereas
Ob is connected to carbon and hydrogen via single bond.46

Functional group Atom σ (Å) ε (kcal/mol) q (e)

Graphene C 3.4 0.056 0.0

H
Ce 3.55 0.07 −0.115
H 2.42 0.030 0.115

Ce 3.55 0.07 0.15
OH O 3.07 0.17 −0.585

H 0.0 0.0 0.435

Ce 3.55 0.07 0.18
NH2 N 3.3 0.17 −0.9

H 0.0 0.0 0.36

Ce 3.55 0.07 0.09
NO2 N 3.25 0.12 0.65

O 2.96 0.17 −0.37

Ce 3.55 0.07 −0.115
CH3 C 3.5 0.066 −0.065

H 2.5 0.030 0.06

Ce 3.55 0.07 0.0
C 3.75 0.105 0.468

COOH Oa 2.96 0.21 −0.396
Ob 3.0 0.17 −0.477
H 0.0 0.0 0.405
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FIG. 1. Snapshot of functionalized graphene nanoribbon. Blue and cyan
colours represent top and bottom layers. Edges are terminated with either
hydrogen or functional groups.

taken are Lx = 100 Å, Ly = 29.5 Å, and Lz = 100 Å. GCMC
simulations of the adsorption of pure SO2 on edge function-
alized bilayer graphene nanoribbons are performed at 303 K
using different chemical potentials to generate the adsorption
isotherm up to a pressure of 2.5 bars. The Widom insertion
method is used to calculate the values of the chemical poten-
tial of gases in the bulk phase at different concentrations. In
the case of binary mixtures, two different concentrations are
considered, 1:1 and 1:9 mole ratios, whereas the concentration
of ternary mixtures of SO2, CO2, and N2 gases are 0.05, 0.15,
and 0.8 mole ratios, respectively. Three Monte Carlo moves
are used, viz., displacement, addition/deletion, and rotation
with different probabilities of 0.2, 0.7, and 0.1, respectively. In
addition, identity swap move is used for mixture simulations.
It should be noted that the frequency of the different MC moves
do not influence the final result but they control the efficiency
of the exploration of configuration space and they must be ade-
quately matched to the type of simulation considered. There
is no general rule of selecting optimal frequencies. Neverthe-
less, few guidelines suggest that the total number of accepted
transfer moves (addition/deletion) is at least one tenth of the
accepted internal moves (translations, rotations, . . .).49,50 All
simulations in this work are performed using in-house Monte
Carlo code written in C++. This code is validated by matching
fluid properties with NIST51 data and has been used to study
gas adsorption in a porous material.28 Each simulation consists

of equilibration and production run of 5 × 107 MC steps. Non
bonded interactions are accounted using the Ewald summation
method. A cutoff distance of 14.7 Å is used for both Coulom-
bic and LJ interactions. The results presented in this work do
not change upon increasing the system size, which is verified
by conducting additional simulations for a larger system size
(twice the original size of the GNR).

C. Adsorption theory

In GCMC simulations, at a constant T, V, and µ, we get
the absolute number of adsorbed particles (Nad) in the simu-
lation box. However, experimentally obtained data are in the
excess amount of adsorption (Nexcess). Thus, we have con-
verted absolute adsorption into excess adsorption using the
following expression:

Nexcess = Nad − ρbVfree, (2)

where ρb is the bulk density of the adsorbate which is obtained
from independent GCMC simulation at the same thermody-
namic conditions and V free is the accessible volume for the
fluid molecules. There exist several methods to calculate the
accessible volume.52–54 In this work, free volume is calcu-
lated using a helium adsorption technique.54 In addition to the
excess adsorption data, a thermodynamic quantity of interest
is the isosteric heat of adsorption, which reflects the amount
of heat liberated while adding each molecule in the adsorbed
phase. In other words, isosteric heat is a measure of interac-
tion strength between the adsorbate and adsorbent molecules
which is approximated by55

qst ≈ RT −

(
∂Uad

∂Nad

)
T ,V

, (3)

where Uad is the total energy of the adsorbed phase. The par-
tial derivative in the above expression is calculated using the
fluctuation theory. The resultant expression for the isosteric
heat of adsorption is as follows:56

qst = RT −
〈UadNad〉 − 〈Uad〉〈Nad〉

〈N2
ad〉 − 〈Nad〉

2
, (4)

where angled brackets represent ensemble average. In a binary
mixture, the selectivity of species i over j is defined as

Si/j =

(
xi

xj

) (
yj

yi

)
, (5)

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

III. RESULTS AND DISCUSSION
A. Pure SO2 adsorption isotherms
on functionalized GNR

Fig. 2 shows the excess SO2 adsorption isotherms for
3.125% and 6.25% functionalized GNRs with different func-
tional groups at 303 K. The amount of excess adsorption
increases with pressure for all the functional groups. This
behavior is seen for both the percentages of functionaliza-
tion. It can be seen that after the functionalization of the
nanoribbon, its gas uptake capacity increases compared to the
hydrogen terminated GNR. Among all the functional groups,
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FIG. 2. Excess adsorption isotherms of SO2 in 3.125% (left) and 6.25%
(right) functionalized GNRs using different functional groups at 303 K.

maximum excess uptake is observed for COOH followed by
NO2 and other functional groups for both the percentages of
functionalization. At 1 bar and 303 K, the excess uptake for
the 6.25% COOH functionalized GNR is ≈8 mmol/g, which
is the maximum among all functional groups studied in this
work. In a recent experimental work, graphene oxide (specific
surface area 268 m2/g) was shown to have SO2 capacity of
≈2.5 mmol/g at 298 K and 1 bar,57 whereas most of the acti-
vated carbons have experimentally observed uptake of SO2 less
than 6 mmol/g14,58 at similar conditions. In the current study,
adsorption capacities of the OH terminated GNR for 3.125%
and 6.25% functionalizations at 1 bar are found to be ≈2.5 and
2.7 mmol/g, respectively. Thus, theoretical estimate of the
adsorption capacity of the GNR with OH termination shows
a similar capacity at low pressures as seen in experiments by
Babu et al.57 and Grzyb et al.14 for graphene oxide and acti-
vated carbon, respectively. However, the values differ signifi-
cantly at high pressures for both percentages of functionaliza-
tion, which is due to the large specific surface area (1176 m2/g)
of the nanoribbon considered in this work. It should be noted
that graphene oxide considered in the aforementioned work
of Babu et al.57 contains more than two layers of graphene
sheet leading to decrease in the surface area per unit mass
of the adsorbent. Thus, the graphene oxide considered in
this work is more idealized. In the case of pristine graphene, the
adsorption is physisorption and the charge transfer between the
graphene and adsorbate is almost negligible. A vacancy in the
graphene sheet may provide (physisorption/chemisorption)
binding sites for the adsorbate, thus increasing the amount
of adsorption as reported in recent works.59,60 The adsorption
capacity of carbon material has been recently studied for SO2

gas, particularly on carbon nanotubes using GCMC simula-
tions. For example, it has been shown by Wang et al.15 that
the adsorption capacity of SO2 in an array of single wall car-
bon nanotubes is ≈15 mmol/g at 1 bar and 303 K. In another

TABLE III. Henry’s adsorption constant for 3.125% (left) and 6.25% (right)
functionalized GNRs. R2 is the coefficient of determination of fitted data.

Group KH (mmol/g bar) R2 KH (mmol/g bar) R2

H 3.304 0.978 3.304 0.978
CH3 3.769 0.975 4.419 0.971
OH 2.905 0.985 3.377 0.974
NH2 3.552 0.975 4.322 0.973
NO2 3.959 0.972 7.676 0.968
COOH 5.871 0.897 7.731 0.974

TABLE IV. Freundlich isotherm parameters obtained by fitting SO2 adsorp-
tion data on the 6.25% functionalized GNR. R2 is the coefficient of
determination of fitted data.

Functional group ln(K) 1/n R2

H 1.329 1.188 0.995
CH3 1.547 1.192 0.996
OH 1.371 1.203 0.994
NH2 1.608 1.209 0.995
NO2 1.946 1.21 0.998
COOH 1.983 1.167 0.997

study, Rahimi et al.16 have shown a SO2 adsorption capacity
of 14 mmol/g at the same condition in an array of double
wall carbon nanotubes (specific surface area ≈1282 m2/g)
using an intertube distance and a diameter of 1 nm and 3 nm,
respectively. High adsorption capacity in these materials is
mainly because of the high specific surface area and con-
finement effects. It is noted that the temperature effect is
not reported in this work. However, we expect the adsorp-
tion amount of SO2 on GNRs to decrease at higher temper-
atures as reported by various workers.61,62 Since physisorp-
tion is an exothermic process, according to Le Chatelier’s
principle,63 the amount of adsorption must decrease with
increase in temperature.

In order to ascertain the strength of adsorption of GNRs at
low pressures, we have obtained the Henry’s adsorption con-
stants, which are listed in Table III. The table shows that the
Henry’s adsorption constant increases with increase in the per-
centage of functionalization, indicating improved adsorption
capacity. In order to understand the adsorption behaviour on
the GNR, the Freundlich model is used,64

Nexcess = KHP1/n, (6)

where 1/n represents the intensity of adsorption and KH

is the Freundlich constant, which shows the capacity of
adsorption. The Freundlich adsorption model has been fitted
to the entire SO2 adsorption data for 6.25% functionaliza-
tion. Table IV summarizes the fitted model parameters. It is
observed that isotherms for both the percentages of function-
alization follow the Freundlich model. Significant enhance-
ment in adsorption capacity for COOH and NO2 function-
alized GNRs from the hydrogen terminated GNR can be
attributed to the significant dipole-dipole interactions with
the fluid molecule as they possess a high dipole moment

FIG. 3. Isosteric heat of SO2 adsorption in 3.125% (left) and 6.25% (right)
functionalized GNRs using different functional groups.
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FIG. 4. Figure shows the contribution of fluid-fluid and fluid-solid heat of
adsorption to the total heat for hydrogen (left) and carboxyl (right) group
terminated GNRs.

compared to other functional groups. Apart from the dipole-
dipole interaction, Lewis acid and Lewis base interactions

also play an important role in the adsorption behavior of
SO2.

The effect of functional groups is also reflected in the
heat of adsorption data as shown in Fig. 3. The maximum
heat of adsorption follows the order of adsorption amount
observed for various functional groups: COOH > NO2 > NH2

> CH3 > OH > H, for both percentages of functionaliza-
tion. Since each functionalized surface has different excess
adsorption at a given pressure, the maximum heat of adsorp-
tion for various functionalized GNRs occurs at different values
of excess adsorption. The non-monotonous behaviour of the
isosteric heat can be attributed to the competitive nature of
fluid-fluid and fluid-solid interactions. Fig. 4 shows the con-
tribution of fluid-fluid and fluid-solid heat of adsorptions,
along with the total heat of adsorption. Heat of adsorption for

FIG. 5. Top and side views of SO2
adsorption on the 6.25% functionalized
GNR with (a) H, (b) NO2, and (c) COOH
functional groups at 1 bar.
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FIG. 6. Absolute density distribution of
SO2 along the width of the 3.125% func-
tionalized nanoribbon at 1 bar, 303 K.

FIG. 7. Absolute density distribution of
SO2 along the width of the 6.25% func-
tionalized nanoribbon at 1 bar, 303 K.

fluid-fluid and fluid-solid pairs are calculated using individual
interaction energies of the pair with the help of Equation (4),
whereas total interaction energy is used for calculating the
total heat of adsorption. At a low loading, the fluid-solid
interaction is significantly higher than that of the fluid-fluid
interaction. Thus, the contribution of the fluid-solid heat of
adsorption is much higher than that of the fluid-fluid. How-
ever, due to the increase in the surface coverage with loading,
solid-fluid contribution to the heat of adsorption decreases. On
the contrary, the contribution due to the fluid-fluid interaction
increases with loading. At an intermediate excess adsorption, a
crossover behavior is observed where the fluid-fluid contribu-
tion overtakes the solid-fluid contribution and is reflected in the
maximum amount of the total heat of adsorption. This behavior
is observed for all the functional groups. However, the excess
adsorption at which the crossover occurs is dependent on the
functional group. A strong or affable group tends to delay
the crossover as observed for the COOH group (see Fig. 4).
Adsorption of gas molecules occurs because of the excess
energy of the adsorbent. Subsequent to the adsorption of gas

molecules, surface excess energy of the adsorbent decreases
with increasing coverage of the surface by the gas molecules.
Hence solid-fluid interaction dominates at low loadings only.
On the other hand, the fluid-fluid interaction increases at higher
adsorption because of greater contribution from the neighbor-
ing adsorbed molecules owing to increase in the number of
molecules at a high pressure.

FIG. 8. Comparison of absolute density distribution at 1 bar across 3.125%
(left) and 6.25% (right) functionalized GNRs, respectively.
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FIG. 9. Excess adsorption isotherms of
the equimolar mixture of SO2/N2 in the
6.25% functionalized GNR using dif-
ferent functional groups at 303 K. Dot-
ted line is the representative of nitrogen
adsorption in all the functional groups
terminated GNR, which does not change
significantly.

Fig. 5 presents the snapshots of SO2 adsorption for the
6.25% functionalized GNR at 1 bar. The snapshots show
adsorption on the functionalized GNR, where the edge effect
can be seen around functional groups other than the H ter-
minated GNR. In the case of the hydrogen terminated GNR,
adsorption of SO2 occurs only at the top of the surface. On
the other hand, other functional groups terminated GNRs,
owing to its polarity, show adsorption not only on the top
of the GNR but also around the edge of the GNR. As we
increase the percentage of functionalization on the GNR, the
density distribution increases around COOH, NO2, and OH
functional groups. On the other hand, for H, CH3, and NH2

functional groups very small enhancement in the density is
observed around the functional groups as seen in Figs. 6
and 7. Snapshots of SO2 adsorption on CH3, NH2, and OH
functionalized GNRs are given in Fig. S1 of the supplemen-
tary material. The density distribution along the width of the
nanoribbon is calculated by the averaging adsorbed number of
particles in the y and z directions. In the case of 3.125% func-
tionalization, the distribution peak around functional groups
is slightly pronounced compared to the hydrogen terminated
graphene nanoribbon. These density peaks are stepped up
remarkably at 6.25% functionalization compared to 3.125%
functionalization, especially in the case of COOH and NO2

functional groups as seen in Fig. 8. This trend of adsorption
density distribution with different functional groups can be
attributed to the dipole moment of these functional groups.
The experimental dipole moments of NO2, OH, NH2, CH3,
and COOH are 4.22, 1.224, 1.53, 0.332, and 1.72 D, respec-
tively.65 SO2 having a high dipole moment (1.6 D) interacts
strongly with these functional groups terminated GNRs com-
pared to the hydrogen terminated GNR, thus demonstrating
better adsorption capacity. In the case of the COOH functional
group, the presence of a ketonic group enhances the interac-
tion because of strong Lewis acid and base interactions. Thus,
increase in the amount of the functional group in the system
produces a stronger interaction, causing improved adsorption
capacity.

B. SO2/N2 mixture adsorption isotherms
on functionalized GNR

Considering that the flue gas contains a mixture of var-
ious gases mostly N2 along with SO2 in ppm concentration,
we turn our attention towards understanding the adsorption of
SO2 using the GNR from the flue gas mixture. In this work, we
have treated flue gas as a binary mixture of SO2 and N2 hav-
ing SO2/N2 concentrations of 1:1 and 1:9 mole ratios. Fig. 9
shows the equimolar mixture adsorption isotherm of SO2 and
N2 in the 6.25% functionalized GNR. It is observed that the
excess adsorption of SO2 follows the same behaviour as in
the pure component adsorption. The adsorption capacity of
SO2 in COOH functionalization of the GNR is the highest fol-
lowed by the NO2 functional group. At 1 bar partial pressure
of SO2, the adsorption capacity of SO2 in SO2/N2 mixture
for the COOH functionalized GNR is 0.8 mmol/g, which is
less than the pure component adsorption of SO2 by 90%. The
adsorption capacities of SO2 for NH2 and CH3 functionalized
GNRs are almost similar in the studied range of pressure. It
is evident from Fig. 9 that the adsorption behaviour of nitro-
gen is insensitive to functional groups. In fact, the adsorption
isotherm of nitrogen overlaps for GNR functionalized with
different functional groups (figure not shown). Fig. 10 shows
that with increase in the nitrogen concentration, for the case

FIG. 10. Selectivity of SO2/N2 mixture for 1:1 (left) and 1:9 (right) mole
ratios in the 6.25% functionalized GNR using different functional groups at
303 K.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-032704
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of 1:9 mole ratio of SO2/N2 mixture, the selectivity of sulfur
dioxide decreases. The selectivity of sulfur dioxide gas at 1
bar pressure in the mixture of 1:1 mole ratio is 40, whereas
it falls below 30 for the mixture of 1:9 mole ratio for the
COOH functional group. It is also obvious that the interaction
of nitrogen with the surface is very low compared to SO2. At a
very low pressure, 0.01 bar, capacity of nitrogen is extremely
small resulting in a spike in the selectivity. As we increase
the pressure, nitrogen adsorption increases which reduces the
selectivity and it remains almost constant till the pressure of
1.5 bars for the equimolar mixture. As the pressure is increased
further towards the saturation pressure of SO2, the capacity of
SO2 increases rapidly, so does the selectivity. This behaviour
is obtained for the equimolar mixture only. The selectivity of
SO2 in 1:9 mixture concentration at a low pressure is high but
it is less than the selectivity observed for the case of equimolar
mixture. Moreover, selectivity drops as the pressure increases
till 0.4 bar. When the pressure increases from 0.4 to 2 bars,
selectivity increases, beyond that it becomes almost constant.
Despite having high concentrations of N2, its selectivity is
low because of a very high vapour pressure compared to SO2.
Moreover, the dipole-dipole interaction of SO2 is stronger than
the quadrupole interaction of nitrogen with the GNR. Enhance-
ment in density around the functional groups can be seen from
the configurational snapshots of SO2/N2 mixture in Fig. 11.
It is evident from the snapshot that SO2 is being adsorbed
more preferably on the surface. There is almost no effect of

surface functionalization on the adsorption behaviour of nitro-
gen. Selectivities of COOH and NO2 functionalized graphene
are the highest among other functional groups for both the
mixture concentrations.

C. SO2/CO2/N2 mixture adsorption selectivity
on functionalized GNR

In this section, we have extended the study of adsorption
of a ternary mixture (SO2/CO2/N2) on functionalized GNRs.
In order to imitate the realistic flue gas composition, we have
taken 0.05, 0.15, and 0.80 molar ratios of SO2, CO2, and N2

in the mixture, respectively. Fig. 12 presents the selectivity
of SO2 and CO2 over other gases. The selectivity of SO2

over CO2 increases with increase in the partial pressure of
SO2. The selectivity of SO2 over N2 shows improvement as
compared to that observed for the binary mixture of SO2/N2.
Rahimi et al.66 have also seen that the selectivity of SO2/N2

in a ternary mixture of SO2/CO2/N2 is higher than that of a
binary mixture using CNT bundle. Strong affinity of SO2 and
CO2 towards the GNR compared to N2, leads to increase in
the selectivity. The selectivity of SO2 in a ternary mixture on
the CNT bundle is higher than that of the GNR. This differ-
ence can be attributed to the confinement effect in the CNT
bundle. In the case of CO2/N2 mixture, the selectivity of CO2

is almost constant within the studied range of the partial pres-
sure of CO2, which is inline with that observed by Dasgupta
et al.46 Snapshot of adsorption in a ternary mixture is given in

FIG. 11. Top and side views of equimo-
lar SO2/N2 mixture adsorption on
(a) H, (b) NO2, and (c) COOH termi-
nated graphene nanoribbons at 1 bar.
Blue colour represents N2 while yellow
along with red colour represent the SO2
molecule.
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FIG. 12. Selectivity of SO2/CO2/N2
mixture in the 6.25% functionalized
GNR using different functional groups
at 303 K.

Fig. S2 of the supplementary material. It is evident from
Fig. 12 that the functionalized GNRs show better SO2 selec-
tivity for a ternary mixture in comparison with that of the
hydrogen terminated GNR.

IV. CONCLUSIONS

In this study, we have considered the functionalized
graphene nanoribbon as an adsorbent for sulfur dioxide
adsorption. We have assessed the role of different functional
groups and their concentrations (3.125%, 6.25 mol. %) on
the adsorption of SO2. First, we studied adsorption capacity
of pure SO2 on the GNR using GCMC simulations at 303 K
then we determined the effect of functional groups on the
selective adsorption of SO2 in two different compositions
(1:1 and 1:9 mole ratios) of SO2/N2 mixtures. Simulation
results show that functionalization of the GNR enhances the
SO2 adsorption capacity compared to the hydrogen terminated
GNR and it follows the adsorption order: COOH>NO2 >NH2

> CH3 > OH > H functionalized GNR. This order of adsorp-
tion is observed for both percentage functionalizations of the
GNR. The estimated adsorption capacity of SO2 for the 6.25%
COOH terminated GNR are 8 mmol/g and 20 mmol/g at 1 bar
and 2.5 bars, respectively. The maximum adsorption strength
of SO2 for the functionalized GNR is also observed for the
6.25% COOH terminated GNR which is reflected in the heat
of adsorption value of 23.2 kJ/mol. The selectivity of SO2 in
an equimolar mixture is maximum at a low pressure range,
which decreases with increasing nitrogen concentration in the
mixture. We extended the study for a realistic ternary mixture
SO2, CO2, and N2, for which the selectivity of SO2 over CO2

is found to be maximum for the COOH functionalized GNR.
In addition, the selectivity of SO2 over N2 is higher than that
of CO2 over N2 in all functionalized GNRs.

SUPPLEMENTARY MATERIAL

See supplementary material for additional snapshots of
adsorption in CH3, NH2, and OH functionalized GNRs, in
addition to Fig. 5. Snapshot of ternary mixture adsorption is
also given.
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