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Abstract

We report computer simulations of semi-permeable membranes using the method of molecular dynamics, to study solutions undergoing
osmosis and reverse osmosis. These studies have been carried out at steady state, by periodically recycling solvent molecules that permeate
the semi-permeable membrane. The method has been used to investigate the effect of a range of molecular forces, state conditions, and
membrane morphology on the mass transfer rate of solvents across the membrane. These results could be used to test the accuracy of
continuum, micro-continuum and statistical mechanical theories for transport across membranes, apart from being of intrinsic fundamental

interest. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Osmosis and reverse osmosis are important processes that
involve the separation of gaseous and liquid mixtures using
semi-permeable membranes. In this paper we report com-
puter simulation studies using a novel technique developed
by us to model semi-permeable membranes realistically,
based on an extension of the NVT molecular dynamics
method [1]. The most important feature of our atomistic
model is that it permits the permeability as well as the
geometry of the membrane to be controlled directly, via its
molecular parameters [2]. In addition the atoms or mole-
cules that constitute the semi-permeable membrane are also
allowed to vibrate or “wobble”’, as has been found to be
essential for realistic simulations of zeolites [3]. In this paper
we report an adaptation of this technique to allow processes
under steady state conditions to be investigated. The method
could previously be only used to follow the time evolution of
a system to its final equilibrium condition, from an initial
non-equilibrium state [2].

We will demonstrate the usefulness of this new technique,
by using it to study the effect of a range of molecular
interactions, the membrane morphology, and state condi-
tions on the mass transfer rate across the membrane. These
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results, apart from being of intrinsic fundamental interest by
themselves, can also be used to test the accuracy of various
micro-continuum theories for reverse osmosis as well [4-6].

2. Method

Our non-steady state simulation method for studying
osmosis has been described in detail previously [7-10] so
we will only summarize it here. The molecules that con-
stitute the membrane are tethered to their equilibrium posi-
tions by a simple harmonic potential:

¢ =1ké&. (D)

Here K is the spring constant, while § is the scalar distance
between the actual position of a tethered membrane mole-
cule, and its equilibrium position. The structure of a typical
membrane and the simulation system are shown in Fig. 1.
Most simulations were based on a nominal system of 1024
particles in the basic cyclically repeated parallelepiped,
initially in an FCC configuration, with L,=4L,=4L,. L,
was made larger than L, and L, to increase the distance
between the planes of the two semi-permeable membranes.
All molecules with x=L,/4 and 3L,/4 in the initial FCC
configuration were designated as the membrane molecules,
and tethered to their FCC sites using the tethering potential
given by Eq. (1). We have also done a limited number of
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Fig. 1. A schematic diagram of: (a) the membrane structure (b) the simulation system. Periodic boundary conditions lead to a system infinite in the y and z
directions with alternating solution and solvent compartments in the x direction separated by semi-permeable membranes.

simulations with membranes more than one molecular layer
thick. This was done by adding a second mirror image layer
of tethered molecules on the right of the existing membrane
layers at x=L,/4 and 3L,/4 at an appropriate distance from
the first layer of molecules to model the desired membrane
geometry. A layer of the original FCC molecules (near this
layer) were also removed simultaneously to avoid over-
lapping molecules. This also conserved the total number of
molecules in the simulation. We will refer to the one layer
membrane as type I and the two layers as type II. A typical

system with a type I membrane would have 64 molecules
constituting the two membranes. 128 molecules would form
the two type I membranes. The membrane molecules were
tethered to their equilibrium positions as described above
with a spring constant of 200 in reduced units. All results/
parameters will be reported in reduced units based on the
solute Lennard-Jones parameters. In the solution compart-
ment (which consists of 480 or 448 molecules in total for
type I and II membrane systems, respectively), Ng mole-
cules are designated as solute molecules. The remaining
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(480-Np) particles, for example would then constitute the
solvent molecules of the solution in the type I membrane
case. Np is fixed to correspond to the desired initial con-
centration of the solution being investigated, while the size
of the simulation cell is fixed to correspond to the desired
initial density of the solution. In the pure solvent compart-
ment (see Fig. 1), since the size of the compartment is
already fixed, we fix the initial number of solvent molecules
Nj to correspond to the desired initial solvent density. In our
studies reported here, the number density of the solvent
compartment was always less than the solution compart-
ment. Thus this step involved removing some molecules
from the initial FCC configuration setup of the solvent
compartment.

The method was adapted to study steady state processes
based on a technique suggested recently [11], and similar in
spirit to two recent methods suggested for steady state
simulations [12,13], and involves recycling solvent mole-
cules (that permeate the membrane) periodically. If done
often enough this would result in a system approaching
steady state. The molecules to be recycled were chosen
randomly, one molecule at a time from a designated section
of the solvent or solution compartment (as dictated by the
direction in which solvent molecules permeate the mem-
brane). This section was initially two units thick, and in the
middle of the compartment (as far away from the mem-
branes as possible as shown in Fig. 1(b)). They were then
replaced (again one molecule at a time) at a random location
in a similar section of the other compartment (solution or
solvent as required), but only if it passed the usual Metro-
polis particle displacement requirement [14,15] widely used
in Monte Carlo. This ensured that the recycling process,
even though it was being carried out rather far away from the
membrane (usually 10-20 solvent molecule layers away)
did not produce any unusual disturbance in the system to
affect the solvent permeation rate across the membrane. In
some cases the width of these sections had to be increased to
enable the particle recycling to be carried out successfully
within a reasonable number of trials, but it was never in a
region where it could affect the permeation of the solvent
molecules across the membranes. This procedure is a sim-
plification of the more rigorous schemes suggested in
[12,13]. We were able to successfully use such a simplified
scheme because we explicitly recycle the correct number of
solvent molecules. This is done at a sufficient distance from
the membranes, that the slight inconsistency introduced in
our hybrid scheme does not affect the solvent permeation
rate being calculated in our studies, while allowing us to use
a much simpler algorithm. We carried out tests that showed
that this did result in a system in steady state, or very close to
it, since normal statistical fluctuations make it impossible to
make an exact determination.

All molecular interactions were modeled using the Len-
nard-Jones intermolecular potential; this included the
solute, solvent and the membrane molecules. As stated
earlier, the membrane molecules were in addition also

tethered. The parameters for these different interactions
were always chosen to ensure that only the solvent mole-
cules could permeate the semi-permeable membrane [7].
Several sets of interaction parameters (that satisfied this
requirement) were investigated to measure their influence
on the mass transfer rate of solvent molecules across the
membrane. Cross-interactions were modeled using the Lor-
entz—Bertholet mixing rules, with the unlike interaction
parameters set to unity. The simulations consisted of over
1000000 time steps of length 0.0025. The equations of
motion were solved using a fifth order Gear predictor—
corrector algorithm, with the usual periodic boundary con-
ditions, and the nearest periodic image convention [1].

3. Results and discussion

The broad objective of this study was to investigate
directly the effect of various molecular interactions on
the permeation rate of solvents across the semi-permeable
membrane, since they cannot be obtained unambiguously
using theory [4]. We carried out an initial study with a
“reference” intermolecular parameter set. This reference
set in our studies consisted of (all parameters as stated
earlier will be reported reduced by the solute parameters)
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Fig. 2. Solvent permeation rates across the semi-permeable membrane
with solvent recycling every 2500 or 5000 time steps. Also shown is the
case where no recycling is carried out and the system is allowed to reach
equilibrium. The points represent simulation results, while the lines in this
and all subsequent figures are to guide the eye only.
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Fig. 3. Effect of changing €membranes Tsolvents aNd Mopvene ON the solvent permeation rate across the semi-permeable membrane.

3.5
3 N
25 -
2 ) Ememb. Osolvent Msolvent
*a —-—10 05 10
=20 . .
15 05 10

——1.0 0.5 2.0
1.0 0.55 1.0

Fig. 4. Effect of changing €membranes Tsolvents ad Morvene ON the density profiles of solvent molecules in the x-direction (perpendicular to the semi-permeable
membranes).
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solvent (g, o, M) values of (1, 0.5, 1). The pore size was fixed
at 0.6 (as defined in Fig. 1), this corresponded to the LJ ¢ of
the membrane molecules varying between 0.988 and 1.15
depending on the initial density of the system (see Section 2
for the membrane structure and Fig. 1). The LJ ¢ and the
molecular weight of the molecules that constitute the
membranes were both fixed at 1.0 for this reference set.
We then investigated the effect of changing the LJ ¢ of the
membrane molecules from 1 to 2, with everything else
remaining unchanged. This would correspond to changing
the membrane to one that has a stronger interaction with the
solvent molecules — a more hydrophilic membrane for
example, if the solvent were water [16]. We also looked
at effect of increasing the molecular weight of the solvent
molecules (this would be equivalent to having a solvent with
a lower diffusion coefficient, without altering any other
intermolecular interactions) from 1.0 to 2.0. Additionally
we also investigated changes in the size of the solvent

molecules, by increasing the o of the solvent molecules
from 0.5 to 0.55. This could be interpreted as reducing the
pore to solvent diameter ratio, while keeping other variables
constant. We would like to point out that molecular simula-
tion studies are ideally suited to investigate such issues [17].
It is clearly not feasible to obtain this information experi-
mentally directly, since it is virtually impossible to find
species that differ from each other in only one molecular
parameter, and it is not easy to obtain it using micro-
continuum theories either [4].

The changes in the solvent permeation rates were also
studied as a function of the most important osmotic driving
forces, viz. density, temperature and composition. The
solvent permeation rate, (N.), is defined as

1+6t/2
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Fig. 5. Effect of changing €membranes Tsolvents ald Mo1vene ON the mean squared displacement of the solvent molecules in the x-direction (perpendicular to the

semi-permeable membranes).
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where 6t has been fixed at 20 000 time steps to average out
any local fluctuations, and NV, is designated positive for flow
from the solvent to the solution compartment. The recycling
of the solvent molecules discussed above, was carried out
every 5000 time steps, which on the average resulted in
between 5 and 10 molecules being recycled in each such
operation. Considering the size of our system (1024 mole-
cules), this was found to be quite satisfactory. We also did a
few studies in which recycling was done every 10000 or
2500 time steps to examine the effect of the recycling rate on
the solvent permeation rate. We found that all these recycle
rates led to an almost constant mass flux across the mem-
brane, within the expected fluctuations. The fluctuations
were usually somewhat larger in the 10000 steps recycle
cases. A comparison of the solvent permeation rate for two
recycling rates — every 5000 and 2500 time steps, is shown
in Fig. 2 for a typical simulation. Also shown for compar-

ison is the case when no recycling is carried out and the
process is allowed to reach equilibrium. It is interesting to
note that the initial mass transfer rate for the case with no
recycling agrees well with the mass transfer rate for the two
cases with solvent recycling. This serves to further validate
the method.

Finally, we also looked at the effect of membrane thick-
ness on the solvent permeation rate across the semi-perme-
able membrane. As described earlier this was accomplished
by comparing two molecular layers thick membranes (with
both layers of molecules identical) to membranes with only
one layer of molecules. The second layer of membrane
molecules was at a distance of 2%0  embrane away from the
first layer — this distance corresponds to the transition point
between attractive and repulsive forces between the mem-
brane molecules, and resulted in increasing the effective
thickness of the membrane by a factor of more than 2. This
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Fig. 6. Effect of changing €membranes Tsolvents ad Morven: ON the solvent permeation rate across the semi-permeable membrane for a more concentrated
solution (double the concentration of Fig. 3).
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also ensured that there was no cross flow of solvent mole-
cules between the two membrane layers.

The first set of simulations was carried out for type I
membranes at a nominal reduced density, p'(defined as
pa3):1.00, a reduced temperature T*(KT/s) = 1.075. This
resulted in a system with L}(L./o) =25.4, and L} and
L = 6.35. The solvent compartment initially had 180
solvent molecules, while the solution compartment had
460 solvent and 20 solute molecules. This resulted in a
considerable pressure difference between the two compart-
ments, as both compartments have equal volumes (see
Fig. 1) and solvent mass flow from the solution to the
solvent compartment. In these simulations, opemprane Was
fixed at 0.988, and cqqjvent aNd M pembrane Were both fixed at
1. We then investigated the effect of varying €pembrane
Osolvent a0d M1vene ON the rate of solvent permeation across
the membrane. Fig. 3 shows the results for the number of
solvent molecules permeating the membrane, (N.), versus
time, for these cases. It is seen that increasing €emprane tO

2.0 from 1.0 increases the permeation rate by almost a factor
of 2, while increasing M,yen to 2.0 from 1.0 decreases the
permeation rate by about 30% and changing ooyen from 0.5
to 0.55 lowers the permeation rate by about 75%.

The results shown in Fig. 3 can be understood better if the
density profiles and the mean squared displacements (msd)
of the solvent molecules perpendicular to the membrane (in
the x direction) are also examined. These have been shown
in Figs. 4 and 5. It can be seen from Fig. 4 that when
Emembrane 15 increased to 2.0 the peak of the solvent density
profile near the membrane increases significantly (by about
35% on the solution side and 100% on the solvent side) due
to increased solvent adsorption [18]. On the other hand
Fig. 5 shows that the msd, and hence the diffusion coeffi-
cient is relatively unaffected by the change. The msd
reported is averaged over all solvent particles; however,
the displacement due to recycling is not included in the
average. This shows that the increase in the permeation rate
is primarily caused by the increased presence of the solvent
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Fig. 7. Effect of changing €membranes Tsolvents ad Miorvene ON the solvent permeation rate across the semi-permeable membrane at a higher temperature,

T*:1.25, compared to 1.075 shown earlier.
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molecules near the membrane. The osmotic driving force in
the system, which in this case is mostly due to the difference
in density (and consequently the pressure) between the
solution and solvent compartment, can then force these
solvent molecules across the membrane. It is also evident
that the increased attraction between the solvent molecule
and the membrane does not significantly reduce the diffu-
sion of the molecules across the membrane, as can be seen
from Fig. 5. This result could have important industrial
implications. It shows that a membrane, which has stronger
interactions with the solvent molecules, can increase the
permeability of the membrane, in addition to affecting the
selectivity of the membrane [16].

The effect of changing M ,yen i also shown in Figs. 3-5.
In this case as expected the density profiles are not sig-
nificantly affected. The decrease in solvent permeation rate
is primarily due to the decreased mobility of the solvent
molecules resulting from the increased molecular mass, as
can be seen from Fig. 5. It also appears that the decrease in
the solvent diffusion rate roughly follows the rule that
diffusion coefficients vary inversely with M"?.

Finally the effect of increasing ooyen: from 0.5 to 0.55 is
also included in Figs. 3-5. As expected this results in a
considerable lowering of the solvent permeation rate, as the
pore to solvent diameter ratio is now smaller. This lowering
is caused by a decrease in the solvent diffusion rate, which
can be seen clearly in Fig. 5. The density profiles are
relatively unaffected by the change in solvent diameter,
as shown in Fig. 4 and must not play any significant direct
role in lowering the permeation rate.

We have also examined the effect of intermolecular forces
on the permeation rates at a higher solute concentration of
Ng=40. This decreases the osmotic driving force somewhat,
as the higher concentration increases the osmotic pressure of
the solution. These results are shown in Fig. 6. In this case
the effect of increasing €yembrane t0 2.0 from 1.0 is more
significant, and increases the permeation rate almost by a
factor of 3. It also appears that it takes longer for the system
to reach its “final” steady state permeation rate (at ¢ ~500).
With a lower driving force across the membrane, the pre-
sence of additional solvent molecules due to the increased
interaction between the solvent molecules and the mem-
brane seems to have an even greater effect on the permeation
rate. The effect of the change in Myyene to 2.0 from 1.0
appears to lower the permeation rate about 20%, somewhat
less than the 30% drop found at the lower concentration. The
decrease in the diffusion coefficient of the solvent molecules
due to the change in the molecular weight in the two cases is
however similar. These results point to the less important
role of the diffusion rate of the solvent when the driving
force is weaker, as do the results when ogjyen 1S increased
from 0.5 to 0.55. They show a drop of 70% compared to the
75% drop found at the lower concentration.

The effect of changes in intermolecular forces in the
system were also studied at a higher temperature, 7' =1.25
with p"=1.0, and a lower density, p'=0.746 with T"=1.075.
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Fig. 8. Effect of changes in system density and temperature on the solvent
permeation rate across the semi-permeable membrane, when the
intermolecular force potential parameters are otherwise equal.

The results were found to be in qualitative agreement with
the results shown in Figs. 3-5 (for T'=1.075 and p =1.0),
as evidenced by the results for the higher temperature case
shown in Fig. 7. Changes in solvent permeation rates due to
changes in density and temperature, while keeping all the
other parameters constant, are shown in Fig. 8. It appears
that the solvent permeation rate is rather sensitive to the
temperature of the system, but is less sensitive to the density
of the system. This we believe is primarily due to the
increased diffusion rate of the solvents at higher tempera-
ture. At lower densities the solvent diffusion rate is higher,
but there are fewer solvent molecules near the membrane,
and thus the solvent mass transport rate is relatively unaf-
fected.

Finally, we have also looked at the effect of the thickness
of the membrane on the solvent permeation rate. We have
compared the permeation rates for type I and type II
membranes for comparable systems at state conditions
similar to those shown in Figs. 3-5. Because of the finite
size of the system it is not possible to study densities and
concentrations that are exactly equal, but these small differ-
ences were practically insignificant. Results are shown in
Fig. 9. These studies were carried out with a time step
Ar*(Aty/e/M /o) = 0.0020 and solvent recycling every
5000 steps. As expected going from membrane type I to
II lowered the solvent permeation rate. This decrease was
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Fig. 9. Effect of membrane morphology on the solvent permeation rate across the semi-permeable membrane. Type I membrane has only one layer of
molecules, while type II membrane has two such layers (see Section 2 for more details).

found to be about 25%. As stated earlier, the type II
membrane has almost double the thickness of the type I
membrane. We also examined the effect of changing the
€membrane fOr type II membranes, and this is also shown in
Fig. 9. The effect of increasing € ,cmprane from 1.0 to 2.0 is to
increase the permeation rate by about a factor of 2.5,
compared to a factor of 2.0 for type I membrane. This
shows that for thicker membranes increased interaction
between the solvent and the membrane is even more impor-
tant than for thinner membranes. When we increased oggjyent
for type II membranes from 0.5 to 0.55 this resulted in
lowering the permeation rate by about 85%. This is some-
what larger than the 75% decrease found in type I mem-
branes, pointing to the expected stronger influence of the
pore to solvent diameter ratio in the case of thicker mem-
branes.

4. Conclusions

A new molecular dynamics simulation method to study
osmosis and reverse osmosis at steady state has been

developed and used to study the effect of intermolecular
forces, state conditions, and membrane thickness on the
solvent permeation rate across the membrane. Our results
show that membranes that have stronger interactions with
the solvent molecules have significantly larger solvent
permeation rates, especially when the osmotic driving
forces are weaker. In addition the permeation rates increase
significantly with increases in temperature, but the density
does not appear to affect the permeation rate as much.
Finally, as could have been expected, the thickness of the
membrane also has a large effect on the solvent permeation
rate. These results could be used to test both micro-
continuum hydrodynamic theories [4] as well as other
statistical mechanical theories for semi-permeable mem-
branes [19].
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