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Stirred-tank Adsorber
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Departamento de Quı́mica, Centro de Quı́mica Fina e Biotecnologia, Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa, 2829-516
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(Received April 2003; In final form November 2003)

A new molecular simulation method is proposed to solve
the governing equations for a multicomponent, isothermal
stirred-tank adsorber under equilibrium controlled
conditions. The technique is formulated in the Gibbs
ensemble, but is more appropriately viewed as a hybrid of
a molecular simulation and continuum modeling. For the
general case of an arbitrary multicomponent mixture,
the total number of molecules of each species is allowed to
fluctuate so that the ensemble average satisfies the
macroscopic material balances to the adsorber. It is shown
that if an analytical equation of state for the fluid phase is
known, the simulation procedure can be considerably
simplified and acquires many characteristics of a Monte
Carlo simulation conducted in the grand canonical
ensemble. The technique is thoroughly validated and its
usefulness is demonstrated through application to a gas
separation problem encompassing the major steps of
practical value to batch adsorption processes.

Keywords: Adsorption of fluids and fluid mixtures; Molecular
simulation method; Isothermal stirred-tank adsorber; Grand
Canonical Monte Carlo (GCMC) method

INTRODUCTION

The adsorption of fluids and fluid mixtures is a
research field in which theory and computer
simulation have contributed greatly to our under-
standing of the phenomena involved [1]. It is
therefore not surprising that computational modeling
has been a key enabling tool in adsorption technology
for process development and design, equipment
sizing and rating, and process optimization.

Traditionally, the behavior of the separation unit to a
given set of input parameters and operating conditions
has been evaluated by application of an engineering

model. However, the success of the model is critically
dependent upon accurate knowledge of thermo-
dynamic properties and phase equilibrium behavior.
Thanks to advances made over the past decade,
molecular simulation has developed to the point where
it is now useful for quantitative prediction of those
properties, and can circumvent some of the limitations
of traditional thermodynamic models [2]. But despite
the general awareness of the potential applications of
molecular modeling, its integration into process design
still remains largely unexplored.

The principal molecular method that has been
used to study adsorption is the Grand Canonical
Monte Carlo (GCMC) method [3] (one of the earliest
GCMC studies of adsorption dates back to 1982 [4]).
The chemical potential of the components in the
system (as well as the volume and temperature) is
specified in advance and the equilibrium number of
adsorbed particles is calculated as an ensemble
average. However, in process modeling one is often
interested in other views of the phase behavior,
beyond that of the traditional adsorption isotherm
provided by the GCMC method. The first break-
through in molecular simulation of phase equilibria
was the invention of the Gibbs Ensemble Monte
Carlo (GEMC) method [5–7], which gives the same
type of phase coexistence information obtained from
a flash calculation. The method has been used, for
example, to determine capillary condensation [8,9]
and liquid–liquid phase diagrams [10] in confined
systems. More recently, Gibbs-Duhem Integration
(GDI) techniques [11,12], semigrand ensemble
[13,14] and pseudoensemble Monte Carlo methods
[15–18] have been developed to trace several types
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of phase diagrams. Unfortunately, the application of
these techniques in adsorption studies is still scarce.

Here, we propose a new molecular simulation
method that, in a certain sense, provides a direct
bridge between disparate spatial scales—molecular
and macroscopic—and apply it to solve the
conservation equations for a multicomponent batch
adsorber. This process unit is of fundamental
importance in adsorption technology, because
despite its simplicity it encompasses the major
features of more complex adsorption units. In fact,
it can be regarded as the basis for all other adsorption
separation processes. The method, as presented here,
is currently limited to an isothermal unit under
equilibrium-controlled conditions.

Our approach employs a basic idea behind the
GDI and pseudoensemble Monte Carlo methods: a
macroscopic model is established based on differen-
tial material balances to the separation unit and a
series of molecular simulations is conducted that
integrate along the path described by the model.
Special care is taken in the formulation of the method
so that the integration is accomplished without
the need for fluctuation quantities, since these are
measured less precisely than simple ensemble
averages. The method is thoroughly validated
through a series of tests in which the results are
checked against GCMC simulations. The usefulness
of the method is demonstrated through simulation of
a typical operation of the batch adsorption unit.
Some concluding remarks are provided at the end.

PROBLEM FORMULATION

We begin by establishing the model for an
isothermal stirred-tank adsorber under equili-
brium-controlled conditions. The system under
consideration is sketched in Fig. 1. The following
notation is adopted: h is the bulk porosity

(volumetric fraction of the adsorber which is filled
with fluid phase), hP is the internal porosity of the
adsorbent, Fi $ 0 is the amount of component i
added to the adsorber in the inlet stream, and Wi $ 0
is the corresponding amount removed in the outlet
stream; both Fi and Wi are defined per unit volume of
adsorber.

The differential material balance to the ith
component of an m-component mixture in the
adsorber yields

hdci þ ð1 2 hÞhP dqi ¼ dFi 2 dWi; ð1Þ

where ci and qi are the concentrations in the bulk
fluid and adsorbed phase, respectively. Since the
fluid phase is assumed to be perfectly mixed

dWi ¼ yi dW ¼ ci dG; ð2Þ

where yi is the mole fraction of component i in the
fluid phase and dG is the differential volume of fluid
(at the conditions prevailing in the adsorber)
removed in the outlet stream, per unit volume of
adsorber. Substitution of Eq. (2) into Eq. (1) gives

hdci þ ð1 2 hÞhP dqi ¼ dFi 2 ci dG: ð3Þ

Integrating Eq. (3) from state n 2 1 to state n, the
following material balance is obtained:

hDcðnÞi þ ð1 2 hÞhPDqðnÞi ¼ DF ðnÞ
i 2 c

ðn21=2Þ
i DG ðnÞ; ð4Þ

where Df ðnÞ ; f ðnÞ 2 f ðn21Þ; the superscript denotes
the state at which the evaluation takes place, and

c
ðn21=2Þ
i ¼

1

DG ðnÞ

ðDG ðnÞ

0

ci dG ð5Þ

is the average concentration of component i in the
volume DG (n) of fluid removed in the outlet stream.

If DG (n) is small enough then a first-order implicit
approximation for Eq. (5) holds,

c
ðn21=2Þ
i ¼ cðnÞi þ O

�
DG ðnÞ

�
; ð6Þ

and Eq. (4) can be approximated as�
hþ DG ðnÞ

�
cðnÞi þ ð1 2 hÞhPqðnÞi

¼ hcðn21Þ
i þ ð1 2 hÞhPqðn21Þ

i þ DF ðnÞ
i : ð7Þ

By repeatedly solving Eq. (7), the response of the
adsorber to a given set of input parameters and
operating conditions can be determined.

Since the inlet value DFðnÞ
i is in most cases an input

parameter, the terms on the r.h.s. of Eq. (7) are usually
known quantities; we assume this to be the case here.
To simplify the notation, the r.h.s. of Eq. (7) is
condensed into a single parameter denoted by wi and
the superscripts are dropped. Equation (7) becomes

ðhþ DGÞci þ ð1 2 hÞhPqi ¼ wi: ð8Þ

The m material balances given by this equation are
constrained by the conditions of thermodynamic

FIGURE 1 Schematic representation of an isothermal stirred-tank
adsorber. h is the bulk porosity, hP is the intraparticle porosity,
Fi is the amount of component i added to the adsorber in the inlet
stream, and Wi is the corresponding amount removed in the outlet
stream.
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equilibrium for an isothermal adsorption system
(equality of chemical potentials between the phases),
and require a closure equation involving either DG or
the pressure P at the new state. Typically, the closure
condition is simply assigning a value to one of these
variables. Table I outlines the two distinct problem
formulations that can arise, depending on the assigned
variable. Provided that the correct specification
variables are selected, Eq. (8) encompasses all possible
operating modes of the adsorber. In this paper, it is
shown that the problem formulated above can be
solved by the GEMC method in the modified form
presented next.

SIMULATION METHOD

In the GEMC method [5–7] the two phases are
simulated as two separate boxes, thereby avoiding
problems with the direct simulation of the interface
between the two phases. The system temperature T is
specified in advance and the number of molecules
of each species i in the adsorbed phase, NiP, and in
the bulk, Ni B, may vary according to the constraint
NiB þ NiP ¼ Ni; where Ni is fixed.

To develop a methodology for solving Eq. (8)
using a Monte Carlo method, it is convenient to
rewrite the equation in terms of Ni B and Ni P. The
resulting expression is

NiB þ NiP ¼ Ci ;
NAvVP

ð1 2 hÞhP
wi; ð9Þ

where NAv is avogadro’s number and VP is the
volume of the box simulating the adsorbed phase.
The value of Ci is purposively expressed as a
function of VP instead of the volume VB of the box
simulating the bulk fluid. The reason for this is that
VP is always fixed, whereas, as we shall see below, VB

must be allowed to fluctuate during the course of the
simulation when the pressure is an input parameter.
Note, however, that since Eq. (9) is simply a
restatement of Eq. (8) at molecular scale, VB and VP

are constrained by the following condition:

VB

hþ DG
¼

VP

ð1 2 hÞhP
: ð10Þ

That is, the two simulation boxes must preserve the
bulk to internal porosity ratio of the macroscopic
system.

Since the GEMC method inherently conserves the
total number of molecules of each species, Eq. (9) is

automatically satisfied by every sampled configura-
tion provided that each Ci is an integer number. This
feature of the Gibbs ensemble makes it the natural
ensemble for solving Eq. (9). Although for a binary
mixture it is possible to size VB and VP according to
Eq. (10) so that each Ci is an integer number, that is
not the case for more complex mixtures. For the
general case of an arbitrary multicomponent mix-
ture, Eq. (9) is instead satisfied statistically by
allowing the total number of molecules of each
species to fluctuate around the target value Ci so that
the ensemble average gives

kNil ¼ Ci: ð11Þ

The procedure to generate trial configurations whose
statistical average obeys Eq. (11) is discussed in
“Acceptance Criterium for Particle Fluctuation
Section”.

Regardless of the type of problem (either type I
or II) being solved, thermodynamic equilibrium
between the two subsystems is achieved by allowing
them to undergo configurational and particle
transfer moves. For an attempted change of the
internal configuration of one of the boxes
(molecule displacement, rotation, or conformational
change), the probability of acceptance is the same as
for a conventional canonical simulation [19], i.e.

min{1; expð2bDUÞ}; ð12Þ

where b ¼ 1=kBT; with kB the Boltzmann’s constant,
and DU is the internal energy change resulting from
the configurational move.

To satisfy equality of chemical potentials, transfers
of particles between the two boxes are attempted.
The probability of accepting a move in which a
particle of type i is transferred from the bulk fluid to
the adsorbed phase is given by

accðNiP ! NiP þ 1; NiB ! NiB 2 1Þ

¼ min 1;
NiBVP

ðNiP þ 1ÞVB
expð2bDUÞ

� �
; ð13Þ

where DU ¼ DUB þ DUP is the total internal energy
change resulting from the particle transfer. Ana-
logously, if a particle of type i moves from the
adsorption box to the bulk cell, the acceptance
probability is

accðNiP ! NiP 2 1; NiB ! NiB þ 1Þ

¼ min 1;
NiPVB

ðNiB þ 1ÞVP
expð2bDUÞ

� �
: ð14Þ

Equations (13) and (14) imply that sampling is
performed by choosing a phase first, then a species,
and finally selecting a molecule of that species for
transfer to the other phase. If the sampling is done

TABLE I Set of input parameters and output variables for each
type of problem formulation

Type Input parameters Output variables

I wi, DG P, ci, qi

II wi, P DG, ci, qi
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differently, the two equations must be modified
accordingly.

For type I problems (see Table I) the sizes of
the two simulation boxes are fixed and their volumes
are related by Eq. (10). Since only ordinary
MC moves and particle transfers are required to
bring two isothermal boxes of fixed volume
into equilibrium, the simulation scheme outlined
above is sufficient for solving these problems. Note,
however, that the pressure is not a direct output of
the simulation. In practice this poses no problem,
since P can be related to the bulk density
and composition through an equation of state.
If the equation of state for the fluid is unknown,
P can be estimated during the simulation via
calculation of the virial.

On the other hand, when the value of P is imposed
(type II problem), the volume VB must be allowed to
fluctuate so that on average the fluid contained
within it is at the desired pressure. Once the
ensemble average kVBl is determined, the value of
DG follows from Eq. (10):

DG ¼ ð1 2 hÞeP
kVBl
VP

2 h: ð15Þ

Thus, the solution of a type II problem requires an
additional type of move, which consists of randomly
changing the volume of the bulk box. Such an
attempted volume change, say from VB to V0

B, is
accepted with probability

accðVB ! V0
BÞ ¼ mink1; exp{ 2 b½DUB þ PðV0

B 2 VBÞ

2 b21NB lnðV0
B=VBÞ�}l; ð16Þ

where DUB is the internal energy change resulting
from the volume move. Overall, this acceptance
criterium is identical to that for volume changes in
the isothermal–isobaric ensemble, and is a particular
case of the acceptance rule for the constant-pressure
Gibbs ensemble method [6]. When the rules given
here for type II problems are applied to a single
adsorbate, they become identical to those of
McGrother and Gubbins [20] in their simulation
technique for the study of single-component
adsorption.

Short-cut Method

We assume hereafter that an analytical equation of
state for the fluid phase is known. This assumption is
usually valid for adsorption applications from the
gas phase, which are our main application target. It is
shown next that if an analytical equation of state for
the fluid phase is known, the simulation procedure
can be considerably simplified. The resulting method
can be viewed as a hybrid of the conventional GCMC
and GEMC techniques.

Let us first assume that the pressure in the
adsorber is sufficiently low for the molecules to
behave like an ideal gas and, therefore, to not
interact when they are in volume VB. If one of
the Ni B particles in volume VB is transferred to
volume VP, the total potential energy U changes
by DUPðs

NiPþ1Þ ¼ UPðs
NiPþ1Þ2 UPðs

NiP Þ; where sNi P

represents the coordinates of the Ni P particles in
volume VP. Likewise, if a particle of type i is moved
to volume VB, the total potential energy change
resulting from the move is DUPðs

NiP21Þ ¼

UPðs
NiP21Þ2 UPðs

NiP Þ: Thus, for an ideal gas the
probabilities of accepting a trial particle transfer are
identical to those given by Eqs. (13) and (14), except
that DUB ¼ 0: This simplification reduces both the
complexity of the code and the CPU time, since the
only data for the bulk box that must be updated
during the course of the simulation is the integer
array NB ; ½N1B; . . .;NmB� holding the number of
molecules of each species in volume VB. As we shall
see later, the use of an equation of state to determine
the configuration of box VB has other fortunate
implications.

For an ideal gas the chemical potential, m, is
related to the number density, rNB

¼ NB=VB; by
m ¼ b21 ln ðL3rNB

Þ; where L is the thermal de Broglie
wavelength. Therefore, for an ideal gas mixture the
acceptance probabilities given by Eqs. (13) and (14)
can be rewritten as

accðNiP!NiPþ1;NiB!NiB21Þ

¼min 1;
VP

L3
i ðNiPþ1Þ

exp
n
2b

�
DUðsNiPþ1Þ2mNiB

�o* +
;

ð17Þ

accðNiP!NiP21;NiB!NiBþ1Þ

¼min 1;
L3

i NiP

VP
exp

n
2b

�
DUðsNiP21ÞþmNiBþ1

�o* +
:

ð18Þ

Note that in these acceptance rules the bulk system
is referenced solely through the chemical potential,

mNiBþk;mðrNiBþk;TÞ; rNiBþk¼ðNiBþkÞ=VB; ð19Þ

and that any explicit reference to VB has
disappeared.

Although it is perfectly permissible to work with
chemical potentials, adsorption experiments are
usually reported as a function of the pressure and
composition of the bulk fluid. As discussed above,
if the density of the gas is sufficiently low, such
that it behaves like an ideal gas, the term
expðbmNiBþkÞ=L

3
i in Eqs. (17) and (18) can be replaced

by bPðrNiBþk;TÞ ¼ rNiBþk; where PðrNiBþk;TÞ is the
pressure exerted by an ideal gas with number density
rNiBþk at temperature T. If the pressure is too high for
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the ideal gas law to hold, PðrNiBþk;TÞ must be
replaced by the fugacity f̂iðNB; k;TÞ of species i at
temperature T in the gas mixture of number density
rNBþk and mole-fraction composition

y1 ¼
N1B

NB þ k
; . . .; yi ¼

NiB þ k

NB þ k
; . . .; ym ¼

NmB

NB þ k
: ð20Þ

The method of employing NB and the equation of
state to compute f̂i depends on the type of problem
being solved. If DG is an input parameter (type I
problem), VB is fixed during the course of the
simulation and the gas mixture is further specified
by its number density rNBþk ¼ ðNB þ kÞ=VB. If, on
the other hand, the pressure is fixed (type II
problem), the value of P defines the state of
the mixture.

Acceptance Criterium for Particle Fluctuation

In order to complete the simulation procedure it is
necessary to generate trial configurations whose
statistical average obeys Eq. (11). Let us consider
how to do this. First, note that the maximum number
of molecules of species i that may exist in the
simulation system without exceeding the material
balance imposed by Eq. (9) is obtained by truncating
Ci to an integer number, which we denote by int(Ci).
The remainder di ð0 # di , 1Þ; which must be added
to int(Ci) to get Ci, is

di ¼ Ci 2 intðCiÞ: ð21Þ

To get the best statistics Ni ¼ NiB þ NiP must
fluctuate with the smallest amplitude around

the target value Ci, which is the case when Ni can
only have the integer values int(Ci) or intðCiÞ þ 1:
It is straightforward to derive that for Eq. (11) to
hold, the probability density of finding the system in
one of the two configurations must be

N{Ni ! intðCiÞ} / 1 2 di;

N{Ni ! intðCiÞ þ 1} / di:
ð22Þ

In order to sample this probability distribution, a new
type of trial move must be performed which consists
of an attempt to change the system to a configuration
with int(Ci) or intðCiÞ þ 1 particles. The box for
insertion or removal of the molecule must be selected
with a fixed probability, which may be different for
each box. In fact, we advocate that insertions and
removals take place in the bulk box, except for the
infrequent case that the number of particles of the
selected species in volume VB becomes zero after a
successful transfer to the adsorption box. This choice
is most suited to adsorption from the gas phase
where, in general, the bulk phase is much less dense
than the adsorbed phase and, therefore, more
permeable to particle insertions. The algorithm
implementing this trial move is listed in the left-
hand column of Fig. 2. Note that the algorithm is
heuristic, since the probability density given by
Eq. (22) does not depend on the molecular configur-
ation of the system. That is, it is not specified how to
actually choose the molecule if one is to be destroyed
nor how to select the insertion position if one is being
created. However, these troublesome details dis-
appear altogether when the short-cut version of our
method is employed, because, as described above,
the potential energy of volume VB is then determined
solely by the equation of state. In this case the
procedure for inserting or removing a gaseous
molecule of type i is greatly simplified, it is just
the update of the value of counter Ni B. This is
highlighted in the right-hand column of Fig. 2.

RESULTS AND DISCUSSION

For illustration purposes the pore space of the
adsorbent is assumed to consist of slit-shaped pores
of width hP ¼ 15 �A; with parameters chosen to model
activated carbon. This is the simplest idealized
representation of a porous carbon that is suitable for
molecular simulation work [21]. It has been used
extensively to study adsorption in porous carbons
[22–24]. The porosity values are fixed at h ¼ 0:45
and hP ¼ 0:6; they represent typical values for a
packed bed of granular activated carbon.

The adsorbates considered in this study are hydro-
gen, methane and ethane. We adopted a united-atom
description based on the Lennard–Jones 12-6 potential

FIGURE 2 Algorithm of trial move to adjust the total number of
molecules of type i according to the probability distribution given
by Eq. (22). The left-hand column lists the implementation for the
case where molecules are explicitly modeled in both simulation
boxes (full method); the right-hand column lists the simplifications
for the short-cut method in which the configuration of the bulk
simulation box is determined by an equation of state. In the latter
case, the procedure for inserting (removing) a gaseous molecule in
the bulk box is reduced to a mere increment (decrement) of the
counter of the total number of molecules of that type (see
“Acceptance Criterium for Particle Fluctuation Section”).
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to describe the nonbonded interaction energy.
Methane and ethane were modeled using the TraPPE
[25] force field, which was developed from calculations
for the vapour–liquid coexistence curve of the bulk
fluids and reproduces accurately the experimental
liquid densities and critical parameters. The LJ
parameters for H2 were taken from Turner et al. [26].
Unlike interactions were computed using standard
Lorentz–Berthelot combing rules [19]. The potential
cut-off was set at 14 Å, with no long-range corrections
applied. The gas-phase fugacities f̂i were computed
from the virial equation, truncated at the second
coefficient. Pure-component and mixture interaction
coefficients were estimated using the formulas given
by Reid et al. [27].

The interactions with the carbon walls were
accounted for using the structureless 10-4-3 potential
of Steele [28]. The solid–fluid potential Us(zi)
experienced by a molecule of type i at a position zi

in the slit pore is the sum of the interactions with
graphite planes beneath and above:

UsðziÞ ¼ usðziÞ þ usðhP 2 ziÞ; ð23Þ

where

usðziÞ ¼ 2prseiCs
2
iCDs

	
2

5

siC

zi


 �10

2
siC

zi


 �4

2
s4

iC

3Dsðzi þ0:61DsÞ

" #
: ð24Þ

Here, rs ¼ 0:114 �A23 is the density of the carbon,
Ds ¼ 3:35 �A is the spacing of the graphite planes, and
e iC and siC are the LJ parameters for the interaction
between carbon atoms and pseudo-atom i.

Each simulation run was equilibrated for 104

Monte Carlo cycles, where each cycle consists of N
attempts to change the internal configuration of
volume VP (equally partitioned between translations
and conformational changes) and N=3 attempts to
transfer a molecule between the two boxes.
Each molecule transfer attempt was followed by a
trial move to adjust the total number of molecules of
that type according to the probability distribution
given by Eq. (22). The production periods consisted
of 3 £ 104 Monte Carlo cycles. The maximum
displacements for translations and rotations in
the pore box were adjusted during the equilibration
phase to give a 50% acceptance rate. Standard
deviations of the ensemble averages were com-
puted by breaking the production runs into five
blocks.

Testing and Validation

In order to validate our method, and in particular the
applicability of its short-cut version to simulate
adsorption from the gas phase, a series of preliminary
simulations has been performed. The simplest test

that can be done is to generate the pure-component
adsorption isotherm for a given adsorbate by
charging the adsorber with various amounts of pure
gas to equilibrate the system at different pressures.
Each run is equivalent to solving Eq. (8) as a type I
problem with DG ¼ 0 and w ¼ DF; where DF is the
charge amount. Prior to each run the size of
the simulation boxes was adjusted to give an average
number of gaseous particles kNBl ¼ 5: This number
was purposively chosen small, since any discrepan-
cies in the results generated by an incorrect sampling
scheme are better detected for small system sizes.
The adsorption isotherms for the three adsorbates as
obtained using our short-cut method were compared
with those given by the standard GCMC technique.
The results obtained (not plotted here to save space)
were in excellent agreement with the GCMC results,
which attests to the correctness of our sampling
scheme. Overall, these test runs demonstrate that
our scheme correctly samples phase space and that
for the adsorbates under study the concentration of
the adsorbed phase can be accurately determined
using a very modest average number of molecules in
the bulk box. This is important, since there are
instances of many practical adsorptive separation
processes when one or more components are present
in diluted concentration.

In order to further validate our method for
multicomponent adsorption, a second series of tests
has been performed. These were divided into three
sets, each consisting on the pressurization of the
adsorber with four ternary mixtures of different
compositions. In the first set of runs, which is
referred to as set G-NVT, Eq. (8) was solved with
closure condition DG ¼ 0; wi ¼ yin

i DF; where yin
i is

the mole fraction of the ith component in the inlet
gas, and the equilibrium pressure as one output of
the simulation. There runs are similar to the single-
component tests reported above. Then, a second set
of runs (G-NPT) was performed using the same feed
mixtures and the pressure fixed at the values
obtained from the G-NVT runs. Note that these are
type II problems in which kVBl is an output of the
simulation. Finally, a third set of runs (GCMC) was
carried out to check the accuracy of the previous
results. These runs consisted of standard multi-
component GCMC simulations with mixture fuga-
cities calculated from the virial equation of state
using the pressures and gas-phase compositions
obtained in the G-NVT runs.

The results obtained are listed in Table II. The
three sets of simulations give the same results to
within statistical uncertainty, which again attests to
the viability of the proposed method. The total
number of molecules employed in the G-NVT and G-
NPT runs is listed in the 8th column of Table II. They
were intentionally set to noninteger values to test
the efficiency of the sampling method given by
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Eq. (22). As is easily verified, there is very good
agreement between kNBlþ kNPl and the imposed N
value for every run.

Application Example

To illustrate the full potential use of the simulation
technique described in this work, we apply it to
generate the response of the adsorber under typical
operating conditions of a batch adsorption process.
The molar composition of the feed stream is 20% H2,
30% CH4 and 50% C2H6. The operation procedure
consists of the following steps: (I) charge from
vacuum up to P ¼ 10 bar; (II) constant-pressure
feed, and (III) discharge down to P ¼ 1:25 bar:
This example encompasses the major steps of every
cyclic batch adsorption process for gas separation, in
which regeneration of the bed is accomplished by
reducing the pressure at essentially constant tem-
perature, as is the case in pressure swing adsorption
[29]. The input parameters and output variables for
each phase of the process are listed in Table III.

Figure 3 shows the simulated pressure profile
plotted as a function of either the amount of feed or
product, depending on the particular step of the
process. The corresponding density profile of
the adsorbed phase is given in Fig. 4. As the
adsorber is pressurized with feed, the adsorbed
phase is enriched in methane and ethane, leaving
most of the hydrogen in the gas phase. This is shown
in Fig. 5, where we plot the simulated profiles of
mole fraction in gas phase. For the thermodynamic
conditions of this study, hydrogen can be considered
as a nonadsorbing carrier. The pressure builds up
linearly because the partial pressure of ethane, which
is the only component whose adsorption isotherm is
nonlinear, is kept in the Henry’s law region.
Consequently, q ¼

P
qi also varies linearly with F.

When the pressure in the adsorber attains the
charge value, the outlet port is opened and product is
removed at a variable rate in order to keep the
pressure constant. Notice that although the adsorber
is operated at constant pressure, there is significant
accumulation of material in the adsorber, as shown
by the curve q(F II) in Fig. 4. This is because ethane
is being heavily concentrated in the adsorbed
phase. During the high-pressure adsorption step,
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TABLE III Input parameters and output variables employed in
each phase of the simulated operation of the adsorber

Phase
#

steps Input parameters
Output

variables

I 10 DF ðnÞ ¼ 126:5 mol=m3 DG ðnÞ ¼ 0 P (n)

II 36 *DF ðnÞ ¼ c ðn21Þ P ðnÞ ¼ 10 bar DG (n)

III 21 DF ðnÞ ¼ 0 †DG (n)=100/c (n21) P (n)

c ¼
P

ci. * Nearly equivalent to setting DF (n) ¼ 400 mol/m3. † Nearly
equivalent to setting DW (n) ¼ 90 mol/m3.
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FIGURE 4 Simulated profile of total concentration in adsorbed phase during operation of the adsorber: (I) charge, (II) constant-pressure
feed, (III) discharge. Additional comments are provided in the caption of Fig. 1.

FIGURE 3 Simulated pressure profile in the adsorber plotted as a function of either the amount of feed F or product W, as applicable to
each step of the process. The operating procedure consists of the following sequence of steps: (I) charge, (II) constant-pressure feed, and
(III) discharge. The line is a smooth interpolation of the simulation data (symbols) and is included as a guide to the eye in the regions of
lower data density. Note also that each step has been allotted the same space in order to make the plot more readable; in reality, step II is
considerably longer than the other two steps.

FIGURE 5 Simulated profiles of mole fraction in gas phase during operation of the adsorber: (I) charge, (II) constant-pressure feed,
(III) discharge. (†) CH4, (O) C2H6, (B) H2. See the caption of Fig. 1 for additional comments.
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the intermediate gaseous concentration of methane
exceeds its concentration in the feed stream while
that of hydrogen, which increased considerably
during charge, now decreases steadily to its value in
the feed (Fig. 5). The effect is due to the stronger
affinity of the adsorbent for ethane, which progress-
ively displaces methane from the adsorbed
phase, thereby enriching the gas phase with this
component. This is a common feature of multi-
component adsorption systems and is sometimes
referred to as roll-up [30]. If the adsorption step is
prolonged sufficiently, as is the case here, the compo-
sition of the adsorbed phase will equilibrate with
that of the feed stream. From this point onward, the
adsorber is saturated since there is no more
accumulation of material within it and the compo-
sition of the product stream is equal to that of the
feed.

During discharge, the adsorber is depressurized to
give a product which is essentially pure ethane with
some traces of methane. As opposed to what is seen
during pressurization, the pressure profile is highly
nonlinear during discharge. P drops quicker during
the initial stage of discharge than when the adsorber is
more depleted. The reason for this nonlinear behavior
is the strong affinity of the microporous carbon for
ethane, which is by far the predominant species in the
adsorber during discharge (Fig. 6). Since the product is
mainly taken from the adsorbed phase, q decreases
almost linearly with W (cf. Fig. 4) and, therefore, the
shape of the curve P(W III) is a direct consequence of
the curvature of the adsorption isotherm for ethane.

CONCLUSIONS

The theoretical approach presented here is an attempt
to develop an ab-initio or first-principles computational
methodology to predict the macroscopic behavior of
an adsorption process from knowledge of the

intermolecular forces and structural characteristics
of the adsorbent. The method is not restricted to
adsorption processes, and is equally applicable, for
example, to vapor–liquid equilibrium if the adsorp-
tion box is replaced by a box simulating the bulk
liquid. In this case the procedure would simulate the
behavior of a flash unit with an imposed operating
temperature.

For simplicity, the application example presented
in this work has been restricted to small molecules
and to a simple pore structure. The usefulness of the
proposed molecular simulation technique certainly
increases with the complexity of the solid–fluid
adsorption system under study. When the adsorbed
phase is very dense and for situations where
complex molecules are involved, standard particle
insertion and transfer moves become impractical due
to steric overlap. To enhance the sampling of chain
molecules at high density in the proposed method,
configurational-biased techniques [31–33] can be
easily applied in which a molecule is inserted
segment by segment such that configurations with
favorable energies are preferred. The bias introduced
in finding an improved conformation for the
molecule is then accounted for by changing
the acceptance criterium.

We are currently extending the methodology to
handle the more general case of a nonisothermal
adsorption system. The use of molecular simulation
techniques, such as the one presented here, could
grow in importance, gradually supplanting many
empirical constitutive models that are used in
process-scale calculations today.
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