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bstract

In the present research study the primary aim is to understand and characterize the physical adsorption of polar molecules namely, hydrogen
yanide and methyl ethyl ketone (MEK) in zeolite NaX, and activated carbon through detailed Monte–Carlo simulations and computational quantum
hemistry techniques. The sorption capacity and affinity of the zeolite is compared with activated carbon with different acid site concentrations,

ype of acid site, and pore sizes by simulating single component isotherms and Henry’s constant at 25 ◦C. The role/contribution of certain types of
lectrostatic interactions namely charge–dipole, charge–induced dipole with zeolite NaX and activated carbon, as well as dipole–dipole interactions
mong polar molecules is analyzed and discussed.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Methyl ethyl ketone (MEK) is used as a solvent for gums,
esins, and cellulose nitrate, as well as in consumer products such
s lacquers, varnishes, paint remover, and glues [1,2]. Typically,
t is exposed to air by gases emitted from the pertinent man-
facturing industries producing the abovementioned products,
r it is directly discharged in wastewater. It should be pointed
ut, that an exposure of 200 ppm of MEK causes irritation to
he eyes, nose (mucous membranes) and throat. In addition to
his, high MEK levels are associated with smog formation due
o photochemical reactions with olefinic hydrocarbons [2,3].
n light of the above considerations and the hazardous nature
f MEK under certain conditions, adsorption is considered
o be one of the most preferable and operationally advanta-
eous methods to effectively remove MEK from industrial gases

specially using activated carbon and zeolites as adsorbents
2].

Following the above line of research, Yen and Jeng [2] car-
ied out vapor phase adsorption experiments on zeolite Y and
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SM-5 of different Si/Al ratios varying from 5 to 31, where the
oncentration of MEK in the vapor phase was in the range of
00–1500 ppm. In this particular study, Zeolite Y was found to
e more effective than ZSM-5 in removing MEK from air stream.
onneyron et al. [4] conducted vapor phase single component

nd binary component (with toluene and 1,4-dioxane) adsorp-
ion experiments on zeolite Y and ZSM-5. It was found that
he component having the higher molecular weight adsorbed
referentially over the other, except in the case of MEK-toluene
ixture adsorption on ZSM-5, where toluene was believed to be

xcluded due to steric effects. Pires et al. [5] studied the effect
f dealumination of zeolite Na–Y on the sorption of MEK at
98 K, and showed that an increase in the percentage of de-
lumination reduced MEK adsorption, suggesting that sodium
ations favor MEK. Uguina et al. [6] studied MEK desorption
rom silicalite and activated carbon beds, and suggested that
he regeneration temperature for silicalite was in the range of
0–170 ◦C, whereas in the case of activated carbon it was found
o be within the range of 150–240 ◦C. These findings suggest
hat dispersion interactions might be dominant in the case of
ilicalite, and electrostatic interactions might be the dominant

nes in the case of activated carbon due to the presence of acid
ites. Despite the aforementioned research efforts, the exper-
mental data available in the pertinent body of literature are
ot currently adequate to understand the mechanism of MEK

mailto:nikolas@wpi.edu
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1 azardous Materials 159 (2008) 169–176

a
m
o
s
f
Y
v
s

f
b
a
b
m
e
s
i
l
o
[
i
B
C
a
d
b
o

a
b
r
H
t
c
m
d
b
a
i
c
t
p
q
g
t
i
a
a
o

p
e
t
s
w
F
5

2

2

a
i
s
i
s
g

ψ

w

L

M

w
the adsorbed molecule from the center of the cavity. The cavity
radius, R, was chosen as the distance from the center to the near-
est oxygen atom. For zeolite NaX, R is 7.057 Å [11]. In the above
expression, Cε1s andσ1s are the Lennard–Jones energy and colli-
70 R.R. Kotdawala et al. / Journal of H

dsorption in activated carbons and zeolites, especially at the
olecular level. Motivated by the above realization, one of the

bjectives of the present research study is to enhance our under-
tanding and characterize the adsorption properties of MEK by
ocusing specifically on the effect of sodium cations in zeolite
, as well as hydroxyl, carbonyl and carboxylic sites in acti-
ated carbon on the adsorption capacity of MEK using molecular
imulation methods.

Furthermore, and in a conceptually similar methodological
ramework, the adsorption of hydrogen cyanide (HCN) will
e studied as well, recognizing the fact that it represents an
cutely poisonous compound, which might enter the human
ody by breathing contaminated air. The HCN vapors are com-
only released to the air from various sources, including vehicle

xhaust emissions, chemical processing, extraction of gold and
ilver from low grade ores, metal plating, steel, iron, and fin-
shing industries, petroleum refineries, and waste disposed of in
andfills. Currently, the best-known adsorbents for the removal
f HCN from air are metal salt-impregnated activated carbons
7]. Freeman and Reucroft [7] and Reucroft et al. [8] stud-
ed the adsorption of HCN and the mixture of HCN-water on
PL activated carbon, a granular activated carbon supplied by
algon Carbon Inc. The experimental results suggested that,
dsorption of HCN strongly dominates over water, and HCN
iscourages additional adsorption of water vapor, which might
e attributed to the greater polarizability and dipole moment
f HCN.

In another study of the removal of HCN from air by Oliver et
l. [9], copper containing and copper free synthetic activated car-
ons produced from porous sulfonated styrene/divinylbenzene
esin were studied for assessing the removal efficiency of
CN. The prepared adsorbent performance was comparable

o ASC Whetlerite carbons that contain salts of chromium,
opper, and silver. Incorporation of copper into the starting
aterial significantly increased HCN breakthrough times, but

ecreased the surface area and pore volume of the adsor-
ent. The results of X-ray photoelectron spectroscopy (XPS)
nalysis revealed partial or complete reduction of the start-
ng divalent copper on the surface of the adsorbents, amply
onfirmed by the lack of formation of (CN)2 during the adsorp-
ion of HCN, while the use of conventional Whetlerite carbon
roduced poisonous (CN)2 gas. However, detailed and good-
uality experimental data on the sorption of HCN from flue
ases are limited, and do not suggest any suitable adsorbents
o remove HCN. To elucidate the above phenomenon and
dentify proper adsorbents, in the present research study we
lso examine the sorption characteristics of zeolite NaX and
ctivated carbon for HCN using molecular simulation meth-
ds.

The present paper is organized as follows: Section 2
rovides a brief description of the particular molecular mod-
ling approaches used, followed by a succinct description of
he molecular simulation methods employed in the present

tudy. Section 4 encompasses the study’s main results along
ith a detailed discussion on the primary research findings.
inally, a few concluding remarks are provided in Section
.

Fig. 1. Cross-section of a zeolite NaX adsorption cavity [11].

. Molecular model description

.1. Zeolite NaX model

Zeolite NaX was modeled by considering the zeolite cavity
s spherically shaped with sodium cations located uniformly
n the cavity [10,11] (Fig. 1). The specific locations of the
odium cations were taken from Karavias [11]. Moreover, the
nteractions with the spherical cavity were calculated using a
pherically averaged potential for the dispersion and repulsion
iven by Karavias [11]:

disp = 4Cε1s

[(σ1s

R

)12
L

{
r2

R2

}
−

(σ1s

R

)6
M

{
r2

R2

}]
(1)

here

{x} = 1 + 12x+ 25.2x2 + 12x3 + x4

(1 − x)10 (2)

{x} = 1 + x

(1 − x)4 (3)

ith x = r/R andψdisp being a function of r, the radial distance of
Fig. 2. Schematic diagram of a slit pore with origin at M(0, 0, 0) [14].
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ion diameter of molecule i with the solid wall, respectively. The
nteractions of the hazardous molecules of interest with sodium
ations are mainly cation–induced dipole and cation–quadrupole
oment interactions which can be calculated using Eqs. (4) and

5), respectively, as shown below [12]:

ind = − αq2

2r4(4πε0)2 (4)

here α is the polarizability of the molecule, q the electronic
harge of the ion on the surface, ε0 the permittivity of vacuum,
nd r is the distance between the centers of the interacting pair
12]. Notice, that interactions between the ion field and the point
ipole are given by Yang [12]:

dipole = −qμ cos θ

r2(4πε0)
(5)

hereμ is the dipole moment of the molecule, and θ is the angle
etween the direction of the field and the axis of the dipole.

The total interactions between HCN/MEK molecules and the
eolite cavity can be calculated as follows:

fw = ψdisp + ψind + ψdipole (6)

It should be pointed out, that two types of interactions are con-
idered in the present study, namely dispersion interactions and
ipole–dipole interactions given by Eqs. (4) and (5). The follow-
ng adsorbate (i)–adsorbate (j) interactions also were considered
13,14]:

μμ
ij = μiμj

r3 (sin θi sin θj cos φij − 2 cos θi cos θj) (7)

disp
ij (r) =

[
− 1

(4πε0)2r6
ij

(
3αiαj(Ii + Ij)

IiIj4

)]
(8)

here Ii and Ij are the first ionization potentials for molecules i
nd j, respectively.

.2. Activated carbon model
The pores of activated carbon were modeled by considering
wo parallel walls, each of which comprises an infinite number
f layers of graphite (Fig. 2). The graphite layers are composed
f Lennard–Jones sites, but these are smeared out uniformly over

c
a
b
(

Fig. 4. Schematic diagram of different si
ig. 3. Schematic representation of the surface sites on carbon: (a) a carboxyl
roup, (b) a hydroxyl group, and (c) a carbonyl group [15,16].

ach layer. The interaction between an adsorbate molecule and
his smooth carbon surface is represented by the 10-4-3 potential
14]. Three types of polar surface sites: hydroxyl (H), carboxyl
C), and carbonyl (Ca) groups, were considered in the simula-
ions, and are represented schematically in Fig. 3. The carboxyl,
ydroxyl, and carbonyl sites can be considered as a collection of
ve, two and three point charges. The parameters (size of charge
tom and partial charge) of point charges and their positions were
aken from Jorge et al. [15,16]. Fig. 4 describes the type of site,
umber of sites, and their distributions. Each site was placed at
Å apart from its neighbor site (Fig. 4), and a symbol is assigned

o each type of configuration. Moreover, Ca, H, and C refer to
arbonyl, hydroxyl, and carboxyl sites, respectively. The num-
er in the symbol represents the total number of sites in the pore.
he single digit indicates that half of the sites are on each plate,
hile the double digit indicates that sites are located on a single
late. The cross-species parameters were calculated using the
orentz–Berthelot combining rule [14–17]. As mentioned ear-

ier, the electrostatic interactions namely charge–induced dipole
oment and charge–quadrupole moment were calculated using
qs. (4) and (5), respectively.

. Simulation methods

We calculated adsorption isotherms using grand canonical
onte–Carlo (GCMC) simulations, in which the temperature

T), volume (V), and chemical potentials (μ) were kept constant.
he algorithm for GCMC simulations is well documented [11],
nd we used the general methodology. The pressure (P) was cal-

ulated from the chemical potential and the equation of state for
n ideal gas, and all simulations were performed in equilibrium
ulk gas temperature of 298 K. Each type of Monte–Carlo trial
creation, destruction, and displacement/rotation) was chosen

te distributions in activated carbon.
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Fig. 6. Heat of adsorption, Q, for different carbonyl sites at 298 K.

Fig. 7. Henry’s law constant, H, for different hydroxyl sites at 298 K.
72 R.R. Kotdawala et al. / Journal of H

andomly with the same probability. The number of equilibrium
teps in the simulations varied according to the operating con-
itions, in the range of 30–70 million. To calculate statistical
ncertainties, simulations were divided into five blocks of trials
each varied from 5 to 12 million) and the observed standard
eviation of block average was within 5%. During the sam-
ling period, typical configurations for each run were stored
n files and then converted into images. In the case of zeolite
aX, the interactions with molecules in four neighboring cav-

ties also were considered. The molecules in the neighboring
avities were the images of molecules in the central cavity. In
he case of activated carbon slit pores, the size of the simulation
ox was 3 nm × 1.5 nm × 3 nm.

We used rectangular simulation cells, bound in the y-direction
y pore walls and replicated in x- and z-directions using
eriodic boundary conditions. In order to account for the long-
ange interactions, especially charge–dipole, charge–induced
ipole, and dipole–dipole interactions, the interactions of
olecules in the central cavity with neighboring cavities were

onsidered.

. Results and discussion

.1. Sorption of hydrogen cyanide

Fig. 5 shows Henry’s constant (H) for different carbonyl sites
t 298 K. The Henry’s law constant (H) values were in the range
f 3–40 �g/g Pa. The heat of adsorption (Q) in the zero pres-
ure limit for carbonyls sites were in the range of 10–35 kJ/mol
Fig. 6). Values of H and Q were greater in the case of Ca22 than
hat of Ca2. This difference is attributed to the relative distance
etween two sites of 5 Å in case of Ca22 as compared to 15 Å
n Ca2. Fig. 7 shows the H values for different hydroxyl sites
nd zeolite NaX. H values for hydroxyls were in the range of
–100 �g/g Pa and for zeolite NaX was 600 �g/g Pa, implying
hat zeolite NaX has a very high affinity for the HCN molecule.
owever, Q values were in the range of 15–40 kJ/mol (Fig. 8).
igs. 9 and 10 represent the H and Q values for activated carbon

ith different carboxyl sites. H values for carboxyls were in the

ange of 5–180 �g/g Pa, which is greater than that of hydroxyls
nd carbonyls. Q values were in the range of 15–45 kJ/mol for
arboxyls.

Fig. 5. Henry’s law constant, H, for different carbonyl sites at 298 K.

Fig. 8. Heat of adsorption, Q, for different hydroxyl sites at 298 K.

Fig. 9. Henry’s law constant, H, for different carboxyl sites at 298 K.
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Fig. 10. Heat of adsorption, Q, for different carboxyl sites at 298 K.
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Fig. 13. Adsorption isotherms for HCN in activated carbon with carboxyl sites
and zeolite NaX at 298 K.
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ig. 11. Adsorption isotherms for HCN in activated carbon with hydroxyl and
arbonyl sites at 298 K.

Fig. 11 indicates that the sorption capacity of the carbons with
4 and H33 were greater than with Ca33 and Ca4. Performance
f H2 and H22 were found to be almost same. The higher sorp-
ion capacity of H4 and H3 can be explained from Fig. 12. The
orption in carbons with carbonyls and hydroxyls are attributed
o charge–dipole and charge–induced dipole interactions. The

agnitude of fluid–wall dispersion and charge–induced dipole

ere comparable in magnitudes. The performance of H4 and
33 was attributed to higher charge–dipole interactions.
The sorption isotherms for carboxyls and zeolite NaX indi-

ate that zeolite NaX has the highest sorption capacity followed

ig. 12. Energy contributions for hydroxyl and carbonyl sites at 40 kPa and
98 K (with reference to Fig. 11).
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ig. 14. Energy contributions for carboxyl sites at 40 kPa and 298 K (with
eference to Fig. 13).

y C33 and C22 of activated carbons with carboxyls (Fig. 13).
ig. 14 explains that the higher sorption with pore filling in NaX

s due to greater charge–dipole interactions, which is attributed
o the presence of cations and the higher dipole moment of
he HCN molecule (2.98 Debye). The performance of C33
nd C22 was attributed to charge–dipole and charge–induced
ipole interactions that were comparable in magnitudes (in the
ange of 15–30 kJ/mol). However, the interactions among HCN
olecules were not found to be significant in carboxyls and the
aX.

.2. Sorption of methyl ethyl ketone

Fig. 15 shows the H values for carbon with different
arbonyls at 298 K, which is in the range of 1–10 �g/g Pa,
hereas Q values in the range of 12–30 kJ/mol are shown

n Fig. 16. H values for hydroxyls were in the range
f 1–15 �g/g Pa, and Q values were in the range of
5–35 kJ/mol, however in the case of zeolite NaX. H value

as 4 �g/g Pa and Q value was 12 kJ/mol (Figs. 17 and 18).
he H values for carboxyls were found in the range of
–50 �g/g Pa and Q values were in the range of 17–40 kJ/mol
Figs. 19 and 20).
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Fig. 15. Henry’s law constant, H, for different carbonyl sites at 298 K.

Fig. 16. Heat of adsorption, Q, for different carbonyl sites at 298 K.

b
N
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Fig. 19. Henry’s law constant, H, for different carboxyl sites at 298 K.

t
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g
H
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b
50 mg/g for operating pressures greater than 1 kPa. This capacity
is greater than that of zeolite NaX. This might be due to lim-
ited space available for MEK molecules in the spherical cavity.
Fig. 24 suggests that the adsorption in the carbon with carboxyls
Fig. 17. Henry’s law constant, H, for different hydroxyl sites at 298 K.
Fig. 21 shows the isotherms of carbon with hydroxyls, car-
onyls, plain carbon (without any functional sites) and zeolite
aX. The NaX shows pore filling at low pressures, however, H33

hows more adsorption than the Ca4 carbon at pressures greater

Fig. 18. Heat of adsorption, Q, for different hydroxyl sites at 298 K.
F
z

Fig. 20. Heat of adsorption, Q, for different carboxyl sites at 298 K.

han 1 kPa. Fig. 22 illustrates the magnitudes of interactions
mong MEK molecules, MEK-functional site (charge–induced
nd charge–dipole). The sudden pore filling in zeolite NaX
s attributed to charge–dipole interactions (∼78 kJ/mol). The
reater adsorption in the case of H33, as compared to H22 and
2, was due to higher charge–induced and fluid–wall dispersion

orces.
Fig. 23 shows the adsorption isotherms for carbon with car-

oxyls at 298 K. Sorption in the case of C33 and C22 was above
ig. 21. MEK adsorption isotherms for carbonyl, hydroxyl, plain carbon, and
eolite NaX at 298 K.
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Fig. 22. Energy contributions for carbonyl, hydroxyl, plain carbon, and zeolite
NaX at 2 kPa and 298 K.
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Fig. 23. Adsorption isotherms for carboxyl sites at 298 K.
s dominated by charge–induced and charge–dipole interactions.
he greater magnitude of charge–induced dipole interactions

s attributed to the high polarizabilty (8.12 A3) per MEK
olecule.

Fig. 24. Energy contributions for carboxyl sites at 0.45 kPa and 298 K.
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. Concluding remarks

In the present research study the adsorption characteristics of
CN and MEK on zeolite NaX and activated carbons with three

ypes of acid sites were studied using GCMC simulations. On
he basis of the research findings presented earlier, the following
onclusions could be drawn:

. Henry’s law constant (H) and heat of adsorption (Q) values
for zeolite NaX and carbons with carboxyls were greater
than that of carbons with carbonyls and hydroxyls. The low
affinity of the carbons with carbonyls and hydroxyls was
attributed to low charge densities, and hence low electrostatic
interactions with the functional groups.

. The presence of sodium cations increases the sorption of
HCN, as well as MEK, due to large Na–dipole interactions.

. The presence of carbonyl, hydroxyl, and carboxyl sites help
in increasing HCN sorption, mainly due to charge–dipole
interactions that are attributed to the high dipole moment
of the molecule (2.98 Debye). However, in the case of car-
boxyls, charge–induced and fluid–wall interactions were also
significant.

. The presence of carbonyl, hydroxyl, and carboxyl sites help
in increasing MEK sorption, mainly due to charge–dipole
interactions, which are attributed to the high-dipole moment
of the molecule, and charge–induced dipole interactions due
to the high polarizabilty of the MEK molecule.

. Zeolite NaX shows the highest HCN adsorption with pore
filling, followed by carbons with carboxyls, hydroxyls, and
carbonyls, respectively, which is due to high charge densi-
ties and energetic charge–induced dipole and charge–dipole
interactions for operating pressures less than 40 kPa.

. Carbons with C33 and C22 show the highest MEK sorption,
followed by carbons with C1, zeolite NaX, and carbons with
hydroxyls and carbonyls, respectively, which is due to high
charge densities and energetic charge–induced dipole and
charge–dipole interactions for operating pressures less than
0.5 kPa. The low adsorption capacity of zeolite NaX, and
sudden pore filling is attributed to limited energetic places
available for MEK molecules to occupy in the spherical cav-
ity.
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