Adsorption from Oversaturated Aqueous

AIChE

Solution: Mean Force Molecular Simulations

Rupert Tscheliessnig, Lukas Geyrhofer, Martin Wendland, and Johann Fischer

Institut fiir Verfahrens-und Energietechnik, Universitét fiir Bodenkultur, Muthgasse 107, A-1190 Wien, Austria

DOI 10.1002/aic.11557
Published online July 10, 2008 in Wiley InterScience (www.interscience.wiley.com).

The squeeze out of benzene from an aqueous solution to a planar graphite wall is
considered by molecular simulations. The system contains 1-10 benzene molecules in
water at T = 300 K and p = 1 bar corresponding to an oversaturation from 10 to
100. Local density profiles are obtained from the mean force method with a particle
balance. For improving the accuracy, standard simulations results are incorporated
into the mean force method. The resulting density profiles of benzene show a first peak
at the wall with parallel and a second with perpendicular orientation of the molecules.
For larger distances from the wall the structure levels out and for up to 40-fold over-
saturation a limiting density of 25.8 = 3.6 mmol/l is obtained. This value is in surpris-
ingly good agreement with the experimental solubility limit of 22.8 mmol/l. The method
may also be used for obtaining liquid-liquid equilibria. © 2008 American Institute of
Chemical Engineers AIChE J, 54: 2479-2486, 2008
Keywords: adsorption/liquid, phase equilibrium, aqueous solutions, computer simula-

tions (MC or MD), thermodynamics/statistical

Introduction

Adsorption from dilute solutions occurs in many engineer-
ing and biological applications. Examples are recovery of
proteins via chromatography, adsorptive removal of organic
impurities from water, or adsorption of pesticides from soil
material. The challenge is to understand the structure of the
adsorbate and to predict adsorption isotherms by molecular
simulations. Of particular interest are systems with low solu-
bility which occur frequently.

To calculate the structure of the adsorbate or the local den-
sity, one might think in first instant of using an unbiased his-
togram method which we call here as “standard molecular
simulation.” With standard molecular simulations there may
be problems in case of low solute concentrations for two
rather different reasons with regard to the potential of mean
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force (PMF) seen by the solute molecules. (a) In case there
is no pronounced minimum in the PMF, the few solute par-
ticles stray around and hence give bad statistics as it hap-
pens, e.g., for spherical molecules.' (b) In case there is a
strong barrier or a deep minimum in the PMF, the solute par-
ticles may not be able to cross the barrier or to leave the
minimum which again gives an unreliable local density. To
overcome these problems we have suggested the mean force
(MF) method."™ In this method, one solute particle B is kept
with one reference site at a fixed position and the MF
exerted on this site from the other particles and from the
wall is calculated. Next, the reference site is moved to a
position closer to the wall and again the MF is calculated.
Continuing, the reference site is moved on a path toward the
wall and the MF values are recorded. Then, by integration of
the MF along the path, the change of the PMF is obtained
which is the change of the free energy along the path. There-
from the ratio of the local density of the solute at the end
point to the local density at the starting point of the path can
be calculated. Then, the absolute density values can be deter-
mined from a particle balance.* This approach is in principle
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valid for any type of molecules, for any solute concentration
and for any geometry. Regarding the geometry, our current
interest is not so much in effects typical for narrow pores but
rather in understanding the behavior at a single wall which
confines the fluid. The slit pore geometry comes into play as
a matter of convenience in the set-up of the simulations. To
concentrate on the fluid at a single wall, however, the pore
width has to be sufficiently large.

It has already been shown that the MF method allows the
calculation of the adsorption isotherm for a dilute mixture in
case of a ‘simple system’. The latter means not too strong
adsorption and molecules which do not demix in the bulk
liquid. Actually we considered a model consisting of tetrahe-
dral Lennard-Jones (LJ) solvent and linear LJ solute
molecules in contact with a plane LJ 9/3 wall which mimics
the adsorption of ethane from a dilute liquid solution in meth-
ane on graphite.* The particle ratios of ethane to methane in
the solutions considered there range from 1:399 to 40:360.

The item at issue is now more challenging, namely the
adsorption of a solute from a mixture with very low solubil-
ity. As an example we consider the adsorption of benzene
from an oversaturated aqueous solution to a planar graphite
surface. With an oversaturated solution we mean a system in
which the ratio of all solute particles to all solvent par-
ticles—adsorbed or in the bulk—exceeds the solubility limit.
We remind that solubility® of benzene in water at room tem-
perature amounts to only 4.12 X 10~* in mole fraction or
22.8 mmol/l which corresponds to one benzene molecule in
2428 water molecules. In case of oversaturation we expect
that benzene molecules are both attracted by the adsorption
force to the wall and squeezed out by their hydrophobicity
from the water-rich bulk phase to the wall.

We want to mention that aqueous solutions of benzene
have already been studied since some time by molecular
simulations. The first papers known to us are from Linse
et al.® and Ravinshanker et al.” and consider the structure of
water molecules surrounding a benzene molecule by using
parameterized intermolecular potentials from quantum
mechanics. Other work® on the structure of water molecules
surrounding a benzene molecule was made with the AMBER
force field.” Investigations of the dynamics of benzene in
water' were made with the OPLS force field.!' Linse'? also
studied the benzene-water interface and obtained complete
demixing into two separate phases each of which has bulk
fluid properties

Adsorption of benzene from an aqueous solution was first
studied for the case of a NaCl solution and charged electro-
des'?® with emphasis on the effect of the electric field; in that
work a version of the OPLS force field'' was used. In a
more recent paper,'® adsorption of benzene from water on
Ni(111) and Au(111) surfaces was investigated. The interac-
tion between the fluid molecules and the metal surfaces was
taken from quantum mechanics, while for the interaction
between the fluid molecules the GROMOS force field'> was
used. In that paper,'* one benzene molecule and 2500 water
molecules were treated by standard molecular simulations
and relative local density profiles are given.

The adsorption of benzene from water on a graphite sur-
face has already been considered in an earlier paper.’ In that
work, only one benzene molecule was considered in the sim-
ulation box and only the relative local density could be cal-
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culated. Here, however, we consider more benzene molecules
in the simulation box and calculate the absolute local den-
sity.

Technically, a hybrid method is introduced for improving
the accuracy of the results for more benzene molecules in
the simulation box. In that case, standard simulations yield a
density profile with small scattering close to the wall but do
not show any benzene molecules in the bulk which does not
allow a determination of the bulk fluid density. On the other
hand, MF calculations as described earlier could be per-
formed in the whole box with, however, less accuracy than
the standard simulations close to the wall. These results sug-
gest coupling both methods on the level of the MF.

In the next section the theory will be presented. Thereafter,
the molecular model of the liquid mixture at the graphite
wall and the simulation methodology will be specified.
Finally, results will be given.

Theory

As already mentioned in the Introduction, in case of more
benzene molecules in the simulation box a hybrid method
will be introduced in order to improve the accuracy of the
results. The idea of this hybrid method is to couple the
results of standard simulations for the local density close to
the wall with MF results for more remote distances. In this
section we first give a summary of the MF method as it was
used previously for the determination of the absolute values
of the local densities and for the calculation of an adsorption
isotherm.* Thereafter, we explain how the MF can also be
calculated from a known local density profile.

We consider a fluid mixture with solvent A-particles and
solute B-particles in contact with a wall. In the MF-method,
one solute particle B is kept with one reference site at a fixed
position r and the MF (Fg(r)) exerted on this site from the
other particles and from the wall is calculated. For clarity in
the nomenclature we denote these simulations and the result-
ing MF values as constrained. Next, the reference site is
moved to a position closer to the wall and again the MF is
calculated. Continuing, the reference site is moved on a path
and the MF values are recorded. In principle, this path is ar-
bitrary but should reasonably be chosen according to the ge-
ometry of the model. Then, by integration over the MF along
this path denoted by s, the change of the PMF Aw is
obtained as

Aw = — /<FB(S)> o ds, (1

wherein the change A refers to the difference between the
end point r, and the starting point r, of the path s. Next, it is
known that the local density ng(r) is related to the change of
the PMF according to

Aw = —kTAln ng(r), 2)
or
ng(ry) = np(ra) exp{—pAw}, 3

with Aw given by Eq. 1, f = 1/kT, and a still unknown value
of ng (r,). To determine the absolute value of the local den-
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Table 1. Potential Parameters for Benzene, Water, and Carbon According to CHARMM21"’

Bond Length, Site—Site Site—Site
Molecule Bond L (nm) Site Energy &,,/k (K) Diameter o, (nm) Charge ¢ (e)

Cg¢Hg Cc—-C 0.13870
Cg¢Hg C—H 0.10800
Cg¢Hg C 25.1778 0.363487 -0.10
Cg¢Hg H 21.1494 0.236979 +0.10
H,O O—H 0.096
H,O (0] 76.5 0.313596 —0.834
H,O H - - +0.417
C (graphite) C 25.1778 0.363487

Benzene is modeled as ring with six C- and six H-atoms, each of which is a Lennard-Jones interaction site and carries a partial charge. Water is described by
the TIP3P model, which assumes a LJ interaction site on the oxygen atom and partial charges on the hydrogen and the oxygen atoms with an angle 3 = 104.5°
between the O—H bonds. The wall consists of carbon atoms which are also modeled as LJ particles.Given are the Lennard-Jones 12/6 parameters &,, and ,,

between like interaction sites o, bond lengths L, and partial electric charges g.

sity ng(r) we use the particle balance which says that the
volume integral over the local density ng(r) has to be the
total number of B-particles in the given volume V

/nB (r)dr = Np. )

By insertion of Eq. 3 into Eq. 4 one obtains
ng(r,) / exp{—pAw}dr = Np, )

from which the absolute value of the local density ng(r,)
can be determined and therefrom via Eq. 3 the absolute value
of the local density at any point r in the fluid. When
the starting point r, is in the bulk fluid, the absolute value of
the local density ng(r,) is just the bulk fluid density ng, of
component B.

In case that the constrained simulations of the MF do not
give sufficiently accurate results, the MF may also be calcu-
lated by differentiation of the density profile obtained from
standard, i.e., from unconstrained simulations. Forming the
logarithm of Eq. 3 yields

Inng(r,) = Inng(ry) — fAw, 6)

After insertion of Eq. 1 into Eq. 6 one obtains

innn(r) = tnna(r) + [ (Fa(s)eds, )
and by differentiation of Eq. 7 one obtains the MF as

(Fg(r)) = (1/) Ve Inng(r), ®

where V, denotes the gradient of ng(r). For clarity in the no-
menclature, we call this method inverse mean force (IMF)
method and the resulting MF values IMF values. Note, that
Eq. 8 corresponds just to the Born-Green-Yvon equation
which was successfully used for a theoretical description of
various interfacial phenomena.'®

Finally, the adsorption excess I" per unit area on a surface
A can be defined as

T = (1/4) / (5 (r) — g dr- ©)
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Model and Simulation Methodology

The systems investigated consist of Ng benzene molecules
and N, water molecules in a graphite slit pore of width L.
The coordinate perpendicular to the walls is z which runs
from zero at the left to L at the right wall. Benzene is mod-
eled as ring with six C- and six H-atoms, which are taken as
LJ interaction sites with additional partial charges. Water is
described by the TIP3P model, which assumes a LJ interac-
tion site only on the oxygen atom and partial charges on the
hydrogen and on the oxygen atoms. The wall consists of car-
bon atoms which are also modeled as LJ particles. All
parameters are taken from CHARMM21'7 and given in Ta-
ble 1. All interactions between unlike sites are assumed as
LJ-interactions with parameters ¢,z and 7,5 according to the
Lorentz-Berthelot combining rules'®'® and as electrostatic
interactions between the partial charges. While other authors
dealing with benzene in water used e.g. parameterized quan-
tum mechanical potentialsf’7 or empirical force fields like
GROMOS, > AMBER,’ or OPLS"' we decided to use again3
the CHARMM force field as a recent study by Martin®® came
to the conclusion “The CHARMM and TraPPE force fields
are recommended to people interested in performing fluid
phase simulations.” All interactions between the fluid mole-
cules, the LJ as well as the electrostatic interactions, were cut
off at a distance of 1.2 nm which in all cases considered here
is slightly smaller than L/2 with L given in Table 2.

Moreover, to simplify the interaction between a fluid parti-
cle and a graphite wall Steele has suggested”! to replace the
discrete set of graphite carbon atoms by a continuous distri-
bution of atoms in an infinite half-space with atom density
pe = 110.3 nm>. The wall potential for a site s in the fluid
(C and H for benzene, O for water) is obtained by averaging
over the unlike LJ interactions between this site and all car-
bon atoms in the half-spaces z < 0 and z > L. The unlike
interaction parameters &.; and o, are again obtained via the
Lorentz-Berthelot combining rules.'™'? The resulting wall
potential u,, between the plane graphite wall bounded by z =
0 and an interaction site s at a distance z > 0 from the wall
is then obtained as

= (2/3) Wées pe 03, [(2/15)(0e/2)” — (0es/2)°]. (10)

An analogous expression holds for the potential from the
wall bounded by z = L. The present CHARMM21'” parame-
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Table 2. Number of Benzene Particles Ny and Widths of the
Simulation Boxes L as well as Results for the Integral K*,
the Benzene Density ng(z,) and the Surface Excess I’

Ng L (nm) K (nm) np(z,) (mmol/l) I' (umol/m?)
1 2472 10.25 26.5 0.25
2 2478 17.25 314 0.51
3 2.484 35.65 226 0.79
4 2492 47.27 22.6 1.05
6 2.506 81.42 19.5 1.57
8 2.520 52.52 39.8 2.05
10 2.533 48.90 529 2.54

*K is calculated from Eq. 13 taking z, = 0.25 and z, = 1.2 nm.

ters for ¢.. and o are given in Table 1 and are very close to
the original values given by Steele.?! As an alternative to the
9/3 potential of Eq. 10 we could have also used the X10/4
potential?' which is obtained from a continuous distribution
of the carbon atoms in the basal planes and from summing
up the contributions from successive planes. The well of the
9/3 potential is somewhat broader but les deep than the well
of the 210/4 potential.

Molecular dynamics (MD) simulations were performed
with the code MACSIMUS* into which the MF-method had
been implemented. A cubic simulation box of side length
L with Ng = 1, 2, 3, 4, 6, 8, and 10 benzene molecules and
Na = 500 water molecules was considered. The temperature
was kept constant at 300 K using the Berendsen friction ther-
mostat.”® The side length L was chosen such that the pres-
sure was about 1 bar which means that with increasing num-
ber of benzene particles Ny the side length L increased from
2.47 to 2.53 nm. Periodic boundary conditions were used in
the directions parallel to the LJ walls, and the length of the
integration time steps was ~1.67 fs. The calculated density
profiles refer for benzene to its center of mass and for water
to the oxygen atom.

At this point it may be helpful to get some physical under-
standing of the situation. First, we consider the surface area
of a benzene molecule. If this surface area is calculated
approximately as Acegug = P with r = Lee + Loy +
0.50uyn and Lcc, Loy, and oyy are taken from Table 1, a
value of Acgne = 0.419 nm? is obtained which is in good
agreement with the classical value of 0.408 nm?® and a recent
estimate of 0.423 nm”.** If we take an average cube length L
of 2.50 nm, the base area A of the cube is 6.25 nm? which
means that about 15 benzene molecules with parallel orienta-
tion to the wall can be placed in one layer. Moreover, a
closer examination of simulations for several benzene mole-
cules in aqueous solution in the slit between the graphite
walls showed that the benzene molecules either moved rather
quickly to the walls or formed a cluster in the water which
after a certain time also moved to one of the walls.

For the constrained MF simulations, Ny = 500 water mol-
ecules and (Ng — 1) benzene molecules which could move
freely were placed inside the simulation box. One additional
benzene molecule was considered as reference molecule and
its center of mass was kept at fixed positions with distance
z from the wall while it was allowed to rotate freely. The
(Ng — 1) unconstrained benzene molecules were initially
inserted next to the left graphite wall and remained in that
area during the simulation runs. On the other side of the
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pore, no benzene molecules were placed and none moved
there during the simulation runs. This asymmetric preparation
of the system is justified by the observation that for only a
few benzene molecules at the wall we could not observe any
influence of the benzenes at the wall on the reference ben-
zene molecule in the center of the pore. An explanation for
this observation could be that the interaction between
the few benzenes at the wall and the reference benzene
in the center of the pore is screened by the intermediate
water. The calculation of the MF on the reference benzene
molecule was started at the distance z, = 1.2 nm which is
close to the center of the pore. The reference molecule was
then moved stepwise closer to the wall down to a distance z,
= 0.25 nm on a path perpendicular to the wall. The resulting
MF values which for planar geometry only have a z-component
(Fg(2)) are integrated according to Eq. 1 to yield the PMF

Aw = w(z) — w(za) = — / (Fi(s))ds. (in

a

Then, following Eq. 5, the absolute value of the local density
ng(z,) at z, is obtained from

I’lB(Za)AK:NB, (12)

with A = L? and K being given by integration over the Boltz-
mann-factor of the PMF

Zy

K= /exp{—ﬁAw}dz. (13)

Z
The local density ng(z) at any point z is then given as
ng(z) = np(z.) exp{—PAw}. (14)

In case that the starting position z, is in the bulk fluid, the
absolute value of the local density ng(z,) is just the bulk fluid
density ng, of component B. Regarding the limit z, = 1.2 nm,
which is close to the center of the pore, no influence of the
walls could be seen for small numbers of Ng, at least up to
Ng = 4. On the other hand, for z, = 0.25 the PMF is already
that high that exp{ —Aw} is nearly zero there.

The main computational task was the calculation of the
MF on the reference benzene molecule for a series of 200
grid points at equidistant positions z;, i = 1, 2,..., 200
in the interval between the pore center z = L/2 and z, =
0.25 nm, which required appropriate preparation of the initial
state of the system for each grid point. In principle, a run
was made with the reference molecule at z;. After the run the
reference molecule was drawn at fixed x and y by an external
force from position z; to z;, ;. Because of this move of the
reference molecule, the system was in slight nonequilibrium
and hence an equilibration run of 16 ps corresponding to
9600 time steps was performed. Thereafter the production
run followed for z;, lasted between 50 and 110 ps corre-
sponding to 30,000 up to 66,000 time steps. For Ng = 1 and
2, the method was applied in this form. In addition to mov-
ing the reference molecule from the center of the pore to the
wall on 200 grid points z;, it was also moved back again on
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Figure 1. MF values from constrained simulations as
function of the wall-particle distance z for
one benzene molecule in 500 water mole-
cules.

The reference particle was moved toward the wall (——)
and withdrawn from the wall ( with gray body). [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

200 grid points to have a consistency check. For Ng > 2, i.e.
for Ng = 2 too, we used a modified method to speed up the
computations by parallel runs. Hence, we divided the whole
interval from z = L/2 to z, = 0.25 into 10 equidistant subin-
tervals in order to perform the simulations in the subintervals
parallel. In this case the reference molecule was drawn
directly from L/2 to the first grid point of the subinterval
which was thought to lead to a stronger nonequilibrium of
the initial state. Hence, for these grid points the velocities of
all freely moving molecules were first adjusted to a Max-
well-Boltzmann distribution. Moreover, the production runs
were extended up to 150 ps which corresponds to 90,000
time steps. For the subsequent grid points the procedure was
the same as described for the case without subintervals.

As already shown by Eq. 8, the MF may also be calculated
by differentiation of the density profile obtained from uncon-
strained simulations. These density profiles show rather small
scattering close to the wall. After the first layer of parallel
and perpendicular oriented benzenes at the wall, however, no
benzene molecules could be found any more in the uncon-
strained simulations which prohibited the determination of
the bulk density. On the other hand, direct MF calculations
by constrained simulations could be performed in the whole
box with, however, less accuracy than the standard simula-
tions close to the wall. As a consequence, we coupled both
methods on the MF level. Technical details of the coupling
will be given in the next section in connection with the pre-
sentation of results.

Results and Discussion

First, we consider the results for one benzene molecule in
500 water molecules from constrained simulations. We
remind that this case has already been studied,3 but at that
time we could not yet give absolute density values. There,
the main findings on the structure of benzene were that in
the first peak of ng(z) close to the wall the molecules are
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mainly oriented parallel and in the second perpendicular to
the wall. Benzene molecules more remote from the wall
were in almost perpendicular orientation bridging two water
layers. The water structure was also given previously.3 The
essential progress of the present work is that we now obtain
absolute values for the local density profile ng(z), while pre-
viously we could only give relative values for the local
density.

Let us now consider the present results for one benzene
molecule in 500 water molecules in detail. The MF values in
nanonewton (nN) from the constrained simulations are shown
in Figure 1 as function of the distance from the wall in nm.
Positive MF values are repulsive with respect to the wall,
negative are attractive. The reference molecule was moved
from the center of the pore to the wall on 200 grid points z;
and back again on 200 grid points to have a consistency
check. The figure contains the MF results of both paths,
which have already been averaged over distances of
0.01 nm, i.e. in essence averages of two MF results at distan-
ces z; and z;,; are shown. It is seen that the results show
some scattering but also a clear structure. Besides the strong
repulsive MF close to the wall, a minimum in the MF of
—0.22 = 0.03 nN occurs at z = 0.47 nm and a relative max-
imum of 0.12 = 0.03 nN at z = 0.57 nm, where the uncer-
tainty refers to the scattering of several subsequent grid
points. These results basically agree with those shown in Fig-
ure 1 of the previous paper.3 From the MF, the PMF is
obtained by integration according to Eq. 11 which smoothes
the results. The present PMF is rather similar to that which
was already shown and discussed previously.3 Subsequently
the Boltzmann factor of the PMF is integrated according to
Eq. 13 and with the particle balance from Eq. 14 the absolute
local density profile of benzene ng(z) is obtained. These
results are shown in Figure 2 which has two different scales
on the y-axis: for larger distances from the wall the scale is
enlarged by a factor of 62.5. Again, high similarity exists
between the previous relative® and the present absolute den-
sity profile. Clearly, the new result is the absolute value of
the local density of benzene which is expressed in Figure 2
in mol/l (lhs) or mmol/l (rhs). We also see from Figure 2

that at z, = 1.2 nm the local benzene density has nearly
12F I I 200
=l - 150 =
3 8- :
& 100 £
& 4 i =
& 150 &£
- A . % -
0 l | | 0
00 02 04 06 08 10 1.2

z [nm)]

Figure 2. Density profiles of benzene ng(z) for 1-4 benzene
molecules in solution, —— Ng =1, * e Ng =2,
o—o—-Ng=3,—Ng=4.

The rhs scale is 62.5 times larger than the lhs scale. The hori-
zontal line is the experimental solubility limit. [Color figure

can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 3. MF values as function of the wall-particle dis-
tance z for three benzene molecules in 500
water molecules.

& Constrained MF for benzene, O unconstrained IMF for
benzene, (with gray body) unconstrained IMF for
water, interpolated MF. [Color figure can be viewed

in the online issue, which is available at www.interscience.
wiley.com.]

smoothed out and arrived at a value ng(z,) = 26.5 mmol/l.
The numbers for the box length L, for the integral K defined
in Eq. 13, as well as for the absolute density np(z,) and
the surface excess I' are given in Table 2. The exciting
finding is that the calculated value ng(z,) = 26.5 mmol/l is
rather close to the experimental solubility limit of ng(z,) =
22.8 mmol/l.

So far we have obtained the following picture. As the ben-
zene molecule is restricted to the left half of the pore, we
have a benzene to water ratio of about 1:250 or 10-fold over-
saturation. The simulations have shown that the benzene is
squeezed out or attracted to the wall such that its density in
some distance from the wall just corresponds to the solubility
limit. To validate this picture we now increase the oversatu-
ration by inserting more benzene molecules into the water.

We now proceed to the evaluation for two and more ben-
zene molecules in solution, where the MF from constrained
and the IMF values from unconstrained simulations were
coupled. For more than two benzene molecules always the
same coupling procedure was used which is a little more
complicated than for two benzene molecules. Hence we start
by explaining the coupling for Ng = 3 and describe the sim-
plification for Ng = 2 later. For Ng = 3 we first calculated
the MF values directly from constrained simulations. For the
preparation of the initial state, we used the modified method
in which the whole interval from z = L/2 to z, = 0.25 was
subdivided into 10 equidistant subintervals. Two, i.e. (Ng —
1), freely moving benzene molecules were inserted into the
water close to the left wall and the reference molecule was
fixed at positions z;. The resulting MF values are presented
in Figure 3 where for clarity MF averages of two subsequent
grid points are shown. We recover a similar profile for the
MF as for Ng = 1 shown in Figure 1. After the MF calcula-
tions with constrained simulations, we calculated the local
density profiles of benzene and water with unconstrained
simulations and determined therefrom the IMF values via
Eq. 8, which are shown for benzene and water in Figure 3,
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too. We observe that the IMF-values for benzene are re-
stricted to distances close to the wall as in the unconstrained
simulations no benzenes could be found further away; the
largest distance for which a reliable IMF value is available is
called zjj,r. On the other hand, for water the IMF values are
available throughout the pore. The coupling between the con-
strained MF and the unconstrained IMF values is determined
by the previous observation® that for distances beyond the
first benzene layer, the maxima in the local density ng(z) of
benzene are just in the minima of the local density of water
and vice versa which is confirmed by the present results. In
particular we observe a water maximum and a benzene mini-
mum at a distance z,, close to 0.55 nm, which means that the
MF values of benzene and water have to be zero just at zp,.
The recipe for coupling the constrained MF with the uncon-
strained IMF values is the following. We take the IMF val-
ues for z <z} and the constrained MF values for z > z,.
In the interval z;;,y < z < z,, in principle the constrained MF
values could be taken which, however, are strongly scattering
there. Hence it seemed appropriate to make a linear interpo-
lation for the MF in this interval which is also indicated in
Figure 3 as the dashed line. In case of Ng = 2, the con-
strained MF values obtained from both methods to move the
reference molecule (cf. previous section) ran smoothly into
the IMF values and hence the interpolation between zj;,,¢ and
Zm Was not required.

Thus, after determining the MF values for all distances
z < 1.2 nm, the further evaluation was done as described ear-
lier for Ng = 1. The PMF was obtained by integration and
therefrom the relative local density. Finally, the absolute
value ng(z) was calculated by using the particle balance. The
numbers for the box lengths L, for the integrals K, as well as
for the absolute densities ng(z,), and the surface excess val-
ues I' are given in Table 2. The density profiles for Ng = 2,
3, and 4 are shown in Figure 2 together with the density pro-
file for Ng = 1. We remind that the rhs scale is enlarged by
a factor of 62.5. The density profiles for Ng = 4 is repeated
in Figure 4 which also shows the profiles for Ng = 6, 8, and
10. In Figure 4 the rhs scale is the same as in Figure 2 and
150 times larger than the lhs scale.
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Figure 4. Density profiles of benzene ng(z) for 4, 6, 8,
and 10 benzene molecules in solution, —
NB =4, 777NB = 6, L 2 .NB = 8, ._._NB =
10.

The rhs scale is 150 times larger than the lhs scale. The
horizontal line is the experimental solubility limit. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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The above results for one benzene molecule (Ng = 1)
showed clearly that in case of oversaturation the benzene
molecules are squeezed out until the benzene density in
some distance from the wall just corresponds to the solubility
limit. This picture is confirmed by Figure 2 for Ny = 2, 3,
and 4. From the left hand side we see that close to the wall
the density profiles ng(z) scale approximately linear with Ng,
while the rhs shows that in some distance away from the
wall the oscillations in ng(z) have smoothed out and all pro-
files approach a value which is close to the experimental
solubility limit. Taking the ng(z,) values at z, = 1.2 nm for
Ng =1, 2, 3, and 4 from Table 2 and averaging them we
obtain (ng(z,));_4 = 25.8 £ 3.6 mmol/l which agrees surpris-
ingly well with the experimental value for the solubility limit
of 22.8 mmol/l. Consistent with these findings, the surface
excess I' given in Table 2 increases approximately linearly
with Ng which simply shows that nearly all benzene is sitting
at the wall.

We mentioned earlier that the density profiles ng(z) scale
approximately linear with Ny but this statement is not quite
justified for Ng = 2 and also the np(z,) value has its strong-
est deviation from (ng(z,));4 for Ng = 2. We believe that
this is a statistical uncertainty with perhaps some physical
reason. In case of Ng = 1, there are no freely moving ben-
zene molecules in the solution and the reference molecule
sees besides the wall only water molecules which should
yield good statistics for the MF on the reference benzene. In
case of Ng = >3, there are two or more freely moving ben-
zene molecules which form a cluster at the wall. In case that
the reference molecule approaches the wall, the freely mov-
ing molecules adjust their positions such that the reference
molecule becomes more and more the center of the cluster
with decreasing distance from the wall. Again, this should
yield a reasonable statistics for the MF on the reference ben-
zene. On the other hand, if Ng = 2, the force on the refer-
ence benzene comes besides from the wall and the water
molecules from only one free benzene which may be the rea-
son for worse statistics in the MF.

In Figure 4, the density profiles ng(z) are shown for
Ng = 4, 6, 8, and 10, which corresponds to 40- to 100-fold
oversaturation of the solution. Again we see on the lhs an
approximately linear increase in the local density ng(z) with
Ng close to the wall. On the rhs the density ng(z)
approaches again the experimental solubility limit at z, =
1.2 nm for Ng = 4 and 6. For Ng = 8 and 10, however,
the density profile shows still some oscillations in approach-
ing the center of the pore and remains at higher values than
for less solute benzene molecules in approaching the center
of the pore. We believe that this is consequence of the
width of the pore and somehow reflects the transition from
the behavior at a single wall to the behavior in a pore. The
latter, however, can not be assessed properly by our one-
sided loading of the pore with benzene molecules. We
expect that for a wider pore the density profile would even
for more benzene particles again relax to the experimental
solubility limit.

Finally, we show in Figure 5 the values ng(z,) at z, =
1.2 nm for 1-10 benzene molecules in comparison with the
experimental solubility limit. This supports the finding that
up to six benzenes, i.e., up to 60-fold oversaturation, the
benzenes are squeezed out to the wall and that at the distance
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Figure 5. Local densities of benzene ng(z,) atz, = 1.2 nm
for 1-10 benzene molecules in aqueous solu-
tion.

The horizontal line is the experimental solubility limit. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

7z, = 1.2 nm from the wall the density within some simula-
tion uncertainty is close to the experimental solubility limit.

The question remains on the influence of the wall potential
on the results. The most interesting result found is that the
local density of benzene in the center of the pore agrees very
well with the experimental solubility. As the solubility is a
bulk fluid property this result will not be changed by the
choice of the wall potential. Regarding the structure close to
the wall we believe that the peaks in the local density would
be somewhat higher and more narrow in case of the X10/4
potential21 in comparison with the 9/3 potential21 due to the
shape of the potential wells mentioned earlier. The thermody-
namic effect e.g. on the adsorption isotherm for lower overall
benzene concentration remains still to be explored but is
believed to be small.

Summary and Conclusions

In a previous article* and in this article we calculated the
absolute local density ng(z) of a solute B in a dilute solution
close to an adsorbing surface by using the MF method to-
gether with the particle balance. In the previous article,* we
considered ethane dissolved in methane which is a com-
pletely miscible solution and demonstrated how and with
which accuracy the adsorption isotherm can be calculated. In
the present article we considered benzene in water which has
only a low solubility and found that nearly all the benzene is
adsorbed at the wall and that in some distance away from
the wall the density of the benzene agrees surprisingly well
with the experimental solubility limit.

The formal problem is the calculation of the PMF seen by
one molecule in a solution close to a wall. There is a similar-
ity between this problem and the calculation of the PMF
between two molecules in solution which was recently
reviewed for the case of two methane molecules in water.”
It should be mentioned that it was also found there®® that the
calculation of the PMF via constrained simulations for the
MF is the most accurate method. The differences between
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that system and ours are as follows: (a) our adsorption prob-
lem can be treated immediately in Cartesian coordinates
which avoids a lot of problems, (b) we can easily introduce
more solute molecules. Moreover, as far as the application of
the MF method to adsorption is concerned, we are not aware
of any other work.

The calculation of the MF by simulations requires some
care in particular with respect to the preparation of the initial
state for each run which should be in equilibrium. It might
be that the simulation time could be shortened by using the
Jarzynski equation®® which allows the calculation of the
equilibrium PMF from nonequilibrium simulations.

The newly developed method allows the rather accurate
calculation of adsorption isotherms in particular from dilute
solutions for systems ranging from complete miscibility to
such with rather low solubility. Moreover, the method can
also be used for obtaining liquid-liquid equilibria in case of
low solubilities.

Topics for further research are the investigation of the
effect of the wall adsorption strength on the solute. In case
of adsorption of benzene from water, e.g., a stronger adsorb-
ing wall than the present could attract even more solutes
from the solution and as a consequence the bulk fluid density
could remain beyond the solubility limit. Finally, it might
also be challenging to use MF simulations for developing en-
gineering models for adsorption from solutions to improve
previous models based either on molecular interactions®’ or
on mixture thermodynamics.28
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