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GCMC simulations in zeolite MFI and activated carbon for benzene removal from exhaust
gaseous streams

P. Cosoli*, M. Fermeglia and M. Ferrone

Molecular Simulation Engineering (MOSE) Laboratory, Department of Chemical, Environmental and Raw Materials Engineering
(DICAMP), University of Trieste, Piazzale, Europa 1, I34127 Trieste, Italy

(Received 31 January 2008; final version received 17 July 2008 )

A set of grand canonical Monte Carlo molecular simulations has been performed over zeolite MFI (Zeolite Socony Mobil-five)
and disordered, activated carbon structures, to determine adsorption isotherms and thermodynamic characteristics of a
gaseous mixture adsorbed into porous structures, activated carbon, all-silica MFI and hydrophilic FAU (Faujasite)–NaY
zeolites. Simulations have been carried out over a multi-component mixture, in order to mimic a more realistic gaseous
emission, when benzene has to be removed. Validation of the model has been obtained by comparison with available
experimental data. Different conditions, as temperature and total pressure of the stream have been taken into account. Results
give a ranking for the most appropriate process conditions, and for the best materials to be employed for the separation process.
Data fitting with the Sips thermodynamic model has also been provided for benzene isotherms. Our procedure is simple and
may be adapted to different temperature and pressure conditions, adsorbate or adsorbent characteristics, and gas composition.

Keywords: GCMC simulation; benzene removal; adsorption; zeolite; activated carbon

1. Introduction

Volatile organic compounds (VOC) removal is a necessary

operation to respect imposed standard limits in exhaust

gaseous streams [1,2]. It is well known how the presence

of even small amounts of these components can be

detrimental to environment and human health. VOC are

chemical compounds with a high vapour pressure to

vaporise at normal conditions, and usually have a low

water solubility. A large amount of carbon-based

compounds, such light hydrocarbons, aldehydes, ketones,

are considered as VOC.

VOC can originate from different sources, such as

petrochemical processes, vehicle emissions, combustions

and, in general, from all kinds of industrial processes [3].

Among all the other VOC, one of the most hazardous ones

is the benzene, as its effects, even at typical very low

concentrations in emissions, are nowadays well documen-

ted [4,5]. One possible way of VOC removal is the

selective adsorption into porous media [6].

In this work we aim to examine possible ways of

benzene removal from gaseous streams by adsorption into

zeolites or activated carbons, taking into account different

operation conditions, such as temperature and pressure,

which may be encountered in gaseous streams exiting

from a plant. This has been done with the aid of molecular

simulation techniques, in particular the well-known Grand

Canonical Monte Carlo method [7].

Two kinds of zeolites, hydrophobic, dealumined MFI

and hydrophilic FAU NaY (Si/Al ¼ 2.5; International

Zeolite Association (IZA) database, available at http://

www.iza-structure.org/databases/) have been tested in our

work, and then dealumined MFI was used. We also tested

and used one disordered structure, called cs1000a, which

reproduces an activated carbon fibre, obtained from the

pyrolysis of pure saccharose at 10008C for 20 h in a CO2

atmosphere. This was one of the disordered structures

obtained by the group of Keith Gubbins using the hybrid

reverse Monte Carlo method (HRMC), and is now freely

available in literature [8,9]. In Figure 1 the 3D structures

used in this work are shown: zeolites MFI and NaY, and

disordered, activated carbon cs1000a. Both activated

carbon and zeolites have been commonly investigated,

and frequently employed, in processes of purification

technologies, in particular for VOC and benzene

separation [10–21].

The aim of the work is mainly to establish a flexible

and simple procedure to estimate the efficacy of different

adsorbents in different conditions, to give more insights to

the adsorption process at molecular level, and to

understand how the presence of a gaseous mixture,

which is usually encountered in these kinds of processes,

will affect the predicted adsorption isotherms. In fact

adsorption experiments have been performed in different

conditions and for a huge kind of matrices and adsorbates,

as there is a considerable interest in adsorption processes

and technologies, as testified by a huge literature [22].

Nevertheless, in the case of complex multi-component

mixtures, especially when the component to be separated
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is very dilute, data are absent or still very scarce [23], due

to the difficulties of experimental procedures. Experimen-

tal sessions are often tedious and rather expensive;

moreover, difficulties for multi-component adsorption

experiments and very low partial pressure of some

components increase. However, it is known how

competition for pore sites in multi-component adsorption

may substantially affect the adsorption mechanism [24].

In our example, we decided to mimic in a simplified

way a composition that can be an example of a stream

from waste incinerator processes, or from combustions

due to industrial processes, or from residual streams of

chemical plants. In this way the choice of benzene as

pollutant and the specific gaseous composition are merely

exemplificative and should be intended as part of a specific

case study to explore the effectiveness of the procedure,

which may be also adapted to different conditions or

changed in the case of a different pollutant removal.

This work is organised as follows. In the materials and

methods section we define hardware and software

characteristics, we briefly describe the grand canonical

Monte Carlo (GCMC) method and then we give

computational details of our simulations. In the Results

and discussion section, we provide a validation of our

procedure against available data; then we compare results

of pure benzene adsorption isotherms at 500 K with the

ones in the multi-component gaseous mixture. Finally, we

analyse and discuss the results for multi-component

mixtures at different total pressures and temperatures,

comparing the obtained results with a simple thermo-

dynamic model for gaseous mixtures.

2. Computational details

Calculations were carried out on an Intel quad-core

bi-processor Xeon x5355 with 6GB RAM.

The Sorption module of Materials Studiow (v. 4.2,

Accelrys, San Diego, CA, USA) has been employed in this

work (Accelrys Materials Studio web site, Sorption

datasheet. Available at http://accelrys.com/products/

datasheets/sorption.pdf). It is a Monte Carlo method

which is particularly suitable for adsorption phenomena

estimation over defined adsorbents.

A mixture of O2, N2, H2O, CO2 and benzene has been

used to approximate and mimic an exhaust gaseous stream

from a combustion process. Due to the relatively low

pressures considered for all simulations, and according to

the aim of our work, we decided to approximate fugacity

with partial pressure.

The frameworks of the chosen zeolites, MFI and FAU

(NaY, Si/Al ¼ 2.5), are available in the database of the

platform; the Naþ ions added to balance the total charge

have been placed into the NaY cell with a cation locator

option, provided in the Sorption module. This allows the

performance of a Metropolis Monte Carlo location of the

ions in the cell, according to the lowest energy

configuration; acceptance criteria are similar to the ones

used for canonical Monte Carlo simulations [7] but in this

case a specified number of annealing cycles (called

simulated annealing) is used to slowly freeze the system,

in order to repetitively explore the configurational space

determined by the adsorbate (sorbent) and adsorbate (Naþ)

system, and to avoid local minima [25,26].

The atom positions of the disordered structure cs1000a,

have been obtained with the HRMC method [9]. This

Figure 1. 3D structures of (a) zeolite MFI, (b) zeolite FAU
(NaY), and (c) activated carbon cs1000a.
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method uses an algorithm which attempts to simultaneously

minimise the error in the radial distribution function and also

the total energy of the system, thus matching the

experimental data obtained for the real structure, such as

structure factor, porosity and density. Further, a simulated

annealing minimisation method is also employed to avoid

the system getting trapped in local minima.

The core of this work is the GCMC application with

the stochastic Metropolis method [27] for multi-com-

ponent gas adsorption. The method is well known and

described in several books, as in [7]; references to some

specific applications both to pure gases and to mixtures

can be found elsewhere, thus in this paper we provide a

short description.

Generally speaking, the stochastic Monte Carlo (MC)

method, which uses statistical mechanical principles to

calculate properties of a given system, has been employed

to perform the simulations. In brief, MC simulations

generate configurations of a system by making random

changes to the positions of the present species, together

with their orientation and conformations, where appro-

priate [28]. The Metropolis sampling method generates

chains of configurations with the ensemble probability.

Transforming a configuration involves a random displace-

ment of each atom in the system from its actual position.

A trial move is accepted if it lowers the configuration

energy of the system. If the configuration energy is

increased, trials are accepted with a probability pro-

portional to a Boltzmann factor: P ¼ e2DU/kT, where DU

is the configuration energy difference. Sampling tech-

niques [29] are used to generate states of low energy, and

enabling accurate property calculations. In this work, the

simulations were carried out using the grand canonical

Monte Carlo ensemble (GCMC), which creates, destroys,

translates, and rotates molecules in order to obtain

thermodynamic equilibrium in an open system. Accord-

ingly, in a GCMC calculation the system chemical

potential m, volume V, and temperature T are kept constant,

as if the framework is in open contact with an infinite

adsorbate reservoir at a given temperature. The reservoir is

completely described by temperature and fugacity (or

partial pressure) of all components, and does not have to be

simulated explicitly. Chemical potential m is transformed

into the partial pressure (or fugacity) of each component.

Equilibrium is achieved when the temperature and the

chemical potential of the gas inside the framework are

equal to the temperature and chemical potential of the free

gas outside the framework. The adsorption isotherms were

computed by calculating the mean loading of the adsorbate

in the framework at a specific vapour pressure.

The probability of a configuration, m, in the grand

canonical ensemble is given by:

rm ¼ C·Fð{Nm}Þe2bEm ; ð1Þ

where

b ¼
1

kBT
; ð2Þ

where C is an arbitrary normalization constant; Em is the

total energy of configuration m:

Em ¼ ESS
m þ ESF

m þ US
m; ð3Þ

where ESS
m is the intermolecular energy between the

adsorbate molecules, ESF
m is the interaction energy between

the adsorbate molecules and the framework, and US
m is the

total intramolecular energy of the adsorbate molecules

(which is equal to 0 if only translational and rotational

degrees of freedom are present). The set of adsorbate

loadings of all components in configuration m is denoted

by {N}m. For a single component, the function F(N) is

given by:

F ¼
bfV

� �N
N!

" #
e2bNm int ; ð4Þ

where f is the fugacity (equal to the partial pressure for

ideal gases), mint is the intramolecular chemical potential,

and N is the loading of the component. For a mixture of

components, F({N}m factorises to a product of functions

(1) for each component. The intramolecular chemical

potential in (4) follows from

exp 2bmint

� �
¼ k exp 2bmint

� �
lu: ð5Þ

The average is taken over a uniform ensemble, which

means that every configuration has the same probability.

If the adsorbate has one conformation with no degrees of

freedom other than translation and orientation, the

intramolecular chemical potential reduces to the intra-

molecular energy.

The thermodynamics of adsorption have been further

investigated analysing the values of the isosteric heat of

adsorption hRF, a measure of adsorption capabilities of an

adsorbate in an adsorbent framework. hRF is defined as the

difference between the partial molar enthalpy of the

adsorbate component in the external reservoir (i.e. free

gas) and in the framework; accordingly, it is a measure of

the enthalpy change involved in the transfer of a solute

from the reference state to the adsorbed state at a constant

solid phase concentration [30]:

hRF ¼ hR 2 hF ð6Þ

Evaluation of hRF requires the application of

Clausius–Clapeyron equation [29]:

hRF ¼ ðvS 2 vFÞ
dp

d ln Tð Þ

� �
ø RT

d ln p
� �

d lnTð Þ

� �
; ð7Þ

Molecular Simulation 1323

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
3
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



where vR and vF are the adsorbate partial molar volumes in

the reservoir and in the framework, respectively, p the

partial pressure, and T the temperature. In the right-hand

side term of Equation (7), the partial molar volume of the

gas molecules in the framework is neglected with respect

to that in the reservoir, and the gas behaviour in the

reservoir is assumed to be ideal. This leads to the

expression of hRF in the grand canonical ensemble, where

the free energy G can be calculated:

hRF ¼ RT 2 G: ð8Þ

The characteristics of the 3D periodic cells are

described in Table 1.

In these simulations we used a slightly modified

augmented consisted-valence force field (cvff_aug)

[31,32], which is particularly suitable for small molecules

adsorption calculations in solid or crystal frameworks.

Modifications have been made to take into account the

quadrupole moments of some molecules in a more

accurate way. Thus, we used the Watanabe–Austin

models [33] for N2, O2, CO2, which introduce the presence

of dummy atoms to simulate charge displacements. We

used the standard TIP3P model for water [34]; the benzene

molecule was constructed and then minimised with the

cvff_aug force field. Finally, in the activated carbon

structure, hydrogen parameters have been set to the ones

describing hydrogen bonded to sp3 carbons. Finally, we

report the partial charges for adsorbates and frameworks:

oxygen: 20.112 (O), 0.224 (dummy atom in the centre);

nitrogen: 20.509 (N), 1.018 (dummy atom in the centre);

carbon dioxide: 1.04 (C), 20.462 (O), 0.112 (external

dummy atoms of Watanabe–Austin model); benzene: 0.1

(H), 20.100 (C), water: 0.417 (H), 20.834 (O); MFI:

2.400 (Si), 21.200 (O); NaY: 2.400 (Si), 1.400 (Al),

21.200 (O), 1.000 (Naþ); Cs1000a: 0.100 (C linked to an

H atom), 0.000 (C not linked to H atoms), 20.100 (H).

The representative mixture (N2 70%, CO2 10%, H2O

10% and O2 11%) contained also a variable amount of

benzene (0.05–1%). We performed simulations at 500,

750 and 1000 K, and at a total pressure of 101.3, 202.6 and

506.5 kPa (1, 2 and 5 atm, respectively), with the same

mixture composition. In this way we aim to establish the

most convenient conditions for benzene removal in terms

of adsorption isotherms for the considered structures.

For all simulations, we performed 5,000,000 of Monte

Carlo steps, preceded by 1,000,000 of equilibration steps.

Electrostatic interactions have been taken into account

with the Ewald and group summation method [7] with a

Ewald accuracy of 0.001 kcal/mol and a cut off distance of

12.5 Å, which is half of the smaller considered cell width.

Van der Waals interactions have been described with an

atom based summation method, with a cubic spline

truncation, splined for 1 Å; the cut off is 12.5 Å.

Finally, we used the common thermodynamic model

developed by Sips [35] to reproduce simulated data for

mixtures. This is an extension of the Langmuir–

Freundlich model to mixtures; the equation for the

component i is written as:

qi ¼ q0;i·
bi·P

ai

ı́

1 þ
Pn

i¼1bi·P
ai

i

; ð9Þ

in the case of n components, where q0,i is the saturation

value for i, P is the partial pressure of i, ai and bi are the

coefficients of the Langmuir–Freundlich model [36] which

have been obtained from the fitting of simulated adsorption

isotherms of pure species (see Supplementary Information

available online).

We performed a set of simulations to validate our

procedure, comparing adsorption isotherms with data

available in literature. Then we examined the differences

between adsorption isotherms of pure benzene and

adsorption isotherms of benzene in the multi-component

mixture, i.e. the gaseous emission (N2 70%, CO2 10%,

H2O 10% and O2 11% as partial pressures) to find a

reasonable ranking of the most suitable adsorbent and the

most convenient thermodynamic conditions.

3. Results and discussion

For validation, we tried to compare adsorption isotherms

with data available in literature.

Figure 2 shows the comparison between our data for

pure adsorption over MFI zeolite (a) and NaY zeolite (b)

and, respectively, the adsorption isotherms of [18, 37]. As

expected, the agreement is fair for all the considered

pressure range, bearing in mind the possible presence of

impurities in the real zeolite MFI, and the slightly different

Si/Al ratio (2.43 in the case of this publication).

Analogously, for comparison we report the average

isosteric heat of adsorption for pure benzene in MFI,

16.6 (kcal/mol), which is close to the values reported for

pure benzene adsorption by Snurr et al. [38], bearing in

mind some zeolite structural differences, and the

Table 1. 3D periodic cells characteristics.

Structure Dimensions x, y, z (Å) Composition (% in weight) Density (kg/m3)

Zeolite MFI 40.044, 39.798, 26.766 Si 46.7%, O 53.3% 1796
Zeolite FAU (NaY) 25.104, 25.104, 25.104 Si 30.1%, O 48.3%, Al 11.7%, Naþ 9.9% 1337
Cs1000a 25.000 £ 25.000 £ 25.000 C 99.2%, H 0.8% 728
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temperature discrepancy (in this case, 328 K). In that case,

isosteric heats are plotted as a function of loading and

range between 13 and 17 kcal/mol. Finally, for NaY, we

find an average isosteric heat value of 18.3 kcal/mol. This

is also close to the ones reported by Takahashi and Yang

[39], between 16.4 and 18 kcal/mol at the same

temperature, and the one proposed by Auerbach et al.

[40] (18.8 kcal/mol at 445 K).

Analogous data for activated carbons, although present

in several works, are difficult to compare to our specific

structure, due to the huge differences which appear in

disordered structures with different framework and

porosity.

Figure 3 shows a comparison between pure benzene

adsorption isotherms and benzene adsorption isotherms in

the gaseous mixture (N2 70%, CO2 10%, H2O 10% and O2

11%) at 500 K and at a total pressure of 101.3 kPa (1 atm).

Benzene loading is expressed as a function of the benzene

pressure.

Results show several differences, which are due to the

adsorption site competition inside the pores. These

differences are very pronounced at low benzene pressures

and for the hydrophilic zeolite NaY, where the most polar

groups and the Naþ ions favour the adsorption of water

and oxygen. Accordingly, benzene adsorption in NaY is

very low. As expected, MFI and cs1000a are indicated for

Figure 2. Comparison of simulated data (open symbols) with
literature data (filled symbols) for benzene adsorption in NaY and
MFI zeolites; ( ): NaY, 393 K; ( ): MFI, 435 K; q is the loading,
P the pressure.

Figure 3. Adsorption isotherms for pure benzene (open
symbols) and for benzene in the mixture (filled symbols) at
500 K. ( ): NaY; ( ): MFI; ( ): cs1000a; q is the loading, P is the
pressure.

Figure 4. Adsorption isotherms for benzene in the
multicomponent mixture at a total pressure of 101.3 kPa (a),
102.6 kPa (b) and 506.5 kPa (c). Filled symbols: zeolite MFI;
open symbols: activated carbon cs1000a. Blue: 500 K; black:
750K; red: 1000 K. Continue lines: Sips model for MFI; dotted
lines: Sips model for cs1000a; q is the loading, P is the pressure.
For interpretation, the reader is referred to the online version.
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the non-polar VOC (in particular, benzene) removal, while

NaY zeolite is not.

Thus, we proceeded by examining the isotherms for

mixtures (N2 70%, CO2 10%, H2O 10% and O2 11%) in

cs1000a and MFI. Figure 4 shows the adsorption isotherms

at 500, 750 and 1000 K for MFI and cs1000a, at a total

pressure of the system of 101.3, 202.6 and 506.5 kPa (1, 2

and 5 atm, respectively), together with the fitting curves

with the Sips model; benzene loading is expressed as a

function of the benzene partial pressure. The Supplemen-

tary Information provides also the adsorption isotherms of

all the other components for all structures.

In Table 2 we also show the isosteric heats of

adsorption for all effectively adsorbed molecules. Values

are averaged over all simulated point, standard deviations

are in brackets. Empty cells mean no adsorption for the

whole pressure range.

Examining isotherms and isosteric heats, it is clear

how benzene is favoured over all other components,

confirming these structures as suitable for benzene

removal. The high benzene loading, even at low partial

pressures, corresponds to the other hand to a very low

coverage of the other gases (see Supplementary Infor-

mation). Nevertheless, higher temperatures influence

negatively the adsorption for both structures in a quite

dramatic way, as differences are up to three orders of

magnitude. Isosteric heats are quite constant for all

isotherms points; they are slightly temperature dependent,

especially for benzene adsorbed in the cs1000a structure.

Higher values for benzene isosteric heats are reached

for mixtures. This can be explained invoking the

favourable adsorbate–adsorbate interactions that take

place in a more confined space. This is particularly

evident if we consider the narrow, zig-zag pores of MFI.

In the single-component simulations, benzene rings are

regularly disposed in a ‘flat’ configuration which is mainly

normal to the axe of straight, bigger pores. In multi-

component simulations, the presence of new adsorbed

molecules (mainly CO2 and H2O) forces benzene

molecules to adsorb in a ‘close’ and mainly randomly

oriented disposition, even in zig-zag pores.

In MFI saturation values at low temperatures are

reached before the maximum benzene partial pressure.

When total pressure increases, benzene adsorption is

slightly decreasing, due to the effect of the higher partial

pressure of other components; then, at a total pressure of

506.5 kPa and 1000 K, we can observe how in practice the

benzene adsorption is very limited, and decreasing for a

higher total pressure. A similar behaviour can be noticed

for cs1000a; in this case saturation values, which are also

higher, increase with the total pressure of the system.

Generally speaking, both for MFI and cs1000a, adsorption

is slightly influenced by total pressure. Although the

choice of MFI will be favoured for higher temperatures,

and lower total pressures, the most indicate and common

situation, (moderate pressure and temperature, 101.3 kPa

at 500 K) at the outlet of the stream, seems to suggest

the use of the considered activated carbon model, with the

exception of a very low benzene fraction. Finally, the

considered Sips model show a rather acceptable

behaviour, as it is able to reproduce qualitatively (and,

with the exception of 1000 K, also quantitatively) the

trends for both structures. The use of more sophisticated

thermodynamic models to take into account non-idealities

or framework heterogeneity for such a complex mixture

was out of the scope of our work.

Table 2. Isosteric heats for multi-component adsorption in zeolite MFI and activated carbon cs1000a.

Benzene (kcal/mol) H2O (kcal/mol) CO2 (kcal/mol) N2 (kcal/mol) O2 (kcal/mol)

MFI (101.3 kPa) 500 K 24.46 (0.12) 10.46 (0.63) 10.99 (0.34) – –
750 K 24.30 (0.17) 7.98 (0.16) 9.64 (0.15) – –

1000 K 24.27 (0.17) 7.68 (0.17) 9.68 (0.10) – –

MFI (202.6 kPa) 500 K 24.59 (0.13) 10.32 (0.52) 10.91 (0.40) – –
750 K 24.35 (0.06) 8.22 (0.26) 9.67 (0.18) – –

1000 K 24.29 (0.19) 7.75 (0.11) 9.71 (0.06) – –

MFI (506.5 kPa) 500 K 24.39 (0.12) 7.65 (0.12) 9.30 (0.07) – –
750 K 24.30 (0.15) 8.49 (0.36) 9.96 (0.32) – –

1000 K 24.03 (0.14) 7.64 (0.07) 9.27 (0.07) 6.45 (0.01) 5.65 (0.04)

Cs1000a (101.3 kPa) 500 K 19.75 (0.20) 3.47 (0.05) 5.32 (0.14) 3.14 (0.05) 2.71 (0.05)
750 K 16.80 (0.23) 3.38 (0.04) 4.64 (0.03) 3.26 (0.02) 2.97 (0.03)

1000 K 14.26 (0.49) 3.59 (0.04) 4.62 (0.06) 3.51 (0.01) 3.31 (0.03)

Cs1000a (202.6 kPa) 500 K 19.50 (0.33) 3.53 (0.04) 5.18 (0.14) 3.12 (0.06) 2.68 (0.05)
750 K 16.98 (0.18) 3.37 (0.04) 4.66 (0.04) 3.27 (0.02) 2.97 (0.02)

1000 K 14.11 (0.48) 3.60 (0.03) 4.62 (0.04) 3.51 (0.01) 3.30 (0.02)

Cs1000a (506.5 kPa) 500 K 19.21 (0.43) 3.53 (0.07) 5.17 (0.06) 3.08 (0.05) 2.64 (0.03)
750 K 16.95 (0.16) 3.40 (0.02) 4.67 (0.04) 3.26 (0.01) 2.96 (0.01)

1000 K 14.26 (0.29) 3.60 (0.02) 4.61 (0.05) 3.52 (0.01) 3.30 (0.02)
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4. Conclusions

We used the GCMC molecular simulation technique to

evaluate adsorptive potentialities of zeolites and activated

carbon structures. We validated our procedure against

available adsorption data; then we considered a simplified,

ideal gaseous mixture to mimic an outlet stream (e.g. exhaust

gas from combustion). Results show how hydrophobic

zeolite MFI and the prototype of an activated carbon

structure, cs1000a, are indicated for benzene removal. The

adsorption isotherms dependence on the total pressure is

weak, while it can be suggested to operate at relatively low

temperatures, due to the strong influence of this parameter. In

this case, the choice of the considered activated carbon

structure will be generally slightly favoured. Further, the

Sips thermodynamic model showed to be able to fit

calculated data in an acceptable way. The adopted methods

and procedures have shown to be simple and suitable for

further applications in the environmental-related fields,

providing that porous adsorbent structures are known.
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