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The availability of clean water has become a global problem because of the continuously increasing costs of energy and increasing

scarcity of water resources. By far, the reverse osmosis (RO) membrane process persists as the most reliable and cost-effective water

desalination technique and numerous large-scale RO plants have been constructed around the world. Our project has been studying

mechanism and performance of the new nano-composite membrane from both experimental analysis and computational simulations.

In this report, we present the all-atom classical molecular dynamics simulation study of graphene-polyamide membranes to elucidate

antifouling mechanism and low BSA protein adhesion performance of multi-wall carbon nanotube-polyamide (NWCNT-PA)

membranes. We also have present the course grain kinetic Monte-Carlo simulation study of water diffusion in real membrane model

to elucidate the percolation mechanism of NWCNT-PA membranes.
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1. Introduction

The availability of clean water has become a global problem
because of the continuously increasing costs of energy and
increasing scarcity of water resources. By far, the reverse
osmosis (RO) membrane process persists as the most reliable
and cost-effective water desalination technique and numerous
large-scale RO plants have been constructed around the world.

Water shortages will be a key issue in ensuring the
sustainability of the human race in the 21st century. The lack
of clean and fresh water causes many worldwide problems:
More than 1.1 billion people lack access to safe drinking water,
2.6 billion have little or no sanitation, millions of people die
annually—3,900 children a day—from infections through unsafe
water or human excrement. For the purpose of solving such
problems, Shinshu University’s Center has been launched as
Global Aqua Innovation Center for Improving Living Standards
and Water-sustainability among the Center of Innovation
(COI), supported by the Ministry of Education, Culture, Sports,
Science and Technology and the Japan Science and Technology
Agency. We believe that the finding and synthesis of innovative
high-performance, reliable, durable and inexpensive reverse
osmosis (RO) composite membrane make it possible to product
abundance of clean water by desalinating sea water or by

purifying wastewater. The main objective of our simulation
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group is understanding the chemical and physical properties
and mechanism of real RO composite membrane developed by
the experimental group at Shinshu University. Experimental
team showed carbon that nanotubes/polyamide nano-composite
thin films have become very attractive as RO membranes. It
was found that the addition of single-walled carbon nanotubes
(SWCNTSs) decreases the pore size of the composite membrane
and increases the Na and Cl ion rejection. In this work, we
have performed the all-atom classical molecular dynamics
(MD) simulation of graphene-polyamide (G-PA) membranes
to elucidate antifouling mechanism and low BSA protein
adhesion performance of multi-wall carbon nanotube-polyamide
(NWCNT-PA) membranes. We also have performed the course
grain kinetic Monte-Carlo (MC) simulation of water diffusion in
real membrane model to elucidate the percolation mechanism of
NWCNT-PA membranes.

2. Results
2. 1 All-atom classical MD simulation of BSA protein
fouling of G-PA membranes
It was observed that BSA anchoring on the smooth
MWCNT-PA membrane was considerably weaker than that
of other commercial/laboratory-made plain polyamide (PA)

membranes. To elucidate this anti-fouling mechanism, we



Annual Report of the Earth Simulator April 2017 - March 2018

have performed the all-atom classical MD simulation of G-PA
membranes as the equivalent simulation model of MWCNT-PA
membranes. It is found that the antifouling and outstanding low
protein-adhesion properties of the G-PA membrane against BSA
foulant are induced by the smooth and stiff surface structure
of PA membrane and the interfacial water layer. G-PA surface
is smoother (Fig. 1(a)) than plain PA surface (Fig. 1(b)). The
water layer on the G-PA is well-ordered and more compact
than that on plain PA. This induces that the hydrogen bonds
established between water molecules and PA are localized at the
surface region in G-PA. The water layer thus hinders the amide
bonds from the surface, preventing their possible interaction
with the BSA protein. We performed the MD simulation to
investigate the effect of water flow on the surface of a fouled
model membrane. In the case of the G-PA, BSA is relatively
casy to remove with a water flow from the surface (Fig. 1 (c),
(d)) as compared to plain PA (Figure 1 (e), (f)). The average
of total energies (interaction strength) of BSA adsorption on
G-PA is lower than plain PA (Fig. 1(g)) indicating that BSA
attached more strongly on the uneven surface by interacting
with polyamide chain branches by hydrogen bonds (Fig. 1(h)).
The water permeation hindrance by the BSA attachment on
the membrane is weaker in G-PA due to the smaller number of
hydrogen bonds established between PA in G-PA and BSA.
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Fig. 1 Two-dimension plots of the membrane surface based on aromatic
rings distribution to the Z direction of (a) G-PA and (b) plain PA.
BSA attached on the G-PA membrane (c) without water flow
and (d) with water flow, and BSA on the plain PA membrane
(e) without water flow and (f) with water flow. 1.0 x 10™° nm/
ps of water flow is applied for 500 ps. The white line and
arrow indicate the displacement of BSA. (g) The total energy
(interaction strength) between the attached BSA and membrane
for the simulation time. (h) The number of hydrogen bonds
between the BSA and membrane for the MD time.
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2.2 Course-grain kinetic MC simulation of water
diffusion in real NWCNT-PA membrane model

One of the greatest potentials of MD simulation is the
better understanding of the water flow within reverse osmosis
membranes. In this context, we have analyzed several
trajectories of water molecules to compare the water diffusion
in the MWCNT-PA membrane and the plain PA membranes.
In both cases, it is found that the diffusion occurs by a clear
hopping mechanism. The trajectories in the MWCNT-PA
membrane have a more straightforward shape while those
in plain PA usually move back and forth several times until
they cross the membrane. It is also found that charge transfer
between CNT and PA coming from the amide bond polarization
decreases the free energy of water near CNT and water
molecules can move in a shorter path where they can find free
energy minimum.

It is found experimentally that only nanotube concentrations
close to 15 wt% can improve water permeation in the
membranes. Higher CNT concentrations result in lower
permeation membranes, which is understandable because
the permeation path increases considerably due to the
impermeability of CNTs. To elucidate this phenomenon by
the theoretical approach, it is required to perform simulation
using the realistic membrane models where several numbers of
CNTs are scattered in the few-nm thick membrane. However,
it is difficult to perform the all-atom classical MD simulation
with these models. Thus, we have carry out a course-grain
kinetic MC simulation to investigate water permeation across
the real-sized 200-nm-thick nanocomposite membrane. In this
simulation, the diffusion of water is treated as a random-walk
in the simplified potential field determined by the diffusion and
free-energy data derived from the results of all-atom classical
MD simulation. It is found that the results can provide a
glimpse of the possible diffusion mechanism of the CNT and
PA nanocomposite membranes. The water molecule is moving
using the low-free-energy areas of the sequentially labeled
nanotubes to direct its path in MWCNT-PA membrane (Fig.
2(b)). When hopping from CNT to CNT, the trajectory seems
to be less convoluted than a typical trajectory in a plain PA
membrane shown for comparison in the enlarged area of Fig.
2(a). By simulating different CNT fractions, keeping the free
energy of the matrix fixed, we find that the average permeation
time decreases from 84 ns for the plain PA to 63 ns with 17
wt% of CNTs [Fig. 2(c)]. As expected, higher fractions of CNTs
impose tortuosity paths and increase the permeation time to 66
ns at 20 wt%. It is seen that fractions of CNTs larger than 17%
introduce a penalty to the diffusion path by imposing excessive

tortuosity to the trajectories.
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Fig. 2. Trajectories obtained by MC simulation of water diffusion across 200-nm-thick reverse osmosis membranes. Trajectories are drawn using

red, purple, yellow, and black lines to facilitate their visualization. (a) Plain PA membrane, (b) nanocomposite CNT and PA membrane with

15 wt% of CNTs and a low-free-energy field of 2 nm from the surface. CNT regions are forbidden areas and represented by blue circles.

(c) Average values of permeation time as a function of CNT wt%. Additional results show the simulations for nanocomposite membranes
containing 15 wt% of CNT with a low-free-energy structure that extends (d) 10 nm from the CNT surface and (e) 20 nm from the CNT surface.

Increasing the low-free-energy area results in less convoluted trajectories.

3. Summary and Future Outlook

In this work, we performed the all-atom classical MD
simulation of G-PA membranes to elucidate antifouling
mechanism and low BSA protein adhesion performance of
NWCNT-PA membranes. We also have performed the course
grain kinetic MC simulation of water diffusion in real membrane
model to elucidate the percolation mechanism of NWCNT-
PA membranes. We believe the correct understanding of the
antifouling mechanism and the water diffusion mechanism
will be useful for designing the optimal structure to improve
the desalination performance of these promising types of RO

membranes.
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