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Reverse osmosis (RO) membranes are the most
widely used technology in desalination plants to
remove salt from sea and brackish water.
Commercially, most RO membranes are those
based on aromatic polyamides, with chemical
structure as shown in Fig. 8 a), and while they
exhibit excellent filtering capabilities, one of the
main challenges that remains is fouling, i.e.
impurities attaching to the membrane surface. As

the mechanism and structure of the membranes

themselves is poorly understood there has been
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theoretical and experimental work to investigate
them, but the multi-scale nature of the membrane
structure and the large time scale of the filtration
process makes it difficult to make a connection

between computational and experimental results.

a) Aromatic polyamide

O -OH g/N o

ZT
ZT
ZI
ZT

¢) RO at 15.81 wt%

1ESs3

7,

d) Cluster elements

Benzanilide Aniline Benzoic acid

v

Fig. 8 a) Example of aromatic polyamide
structure. b) and ¢) RO systems at two different
water content values. d) Elements of polyamide
membrane that are used for clustering and
vibrational analysis.

The present study aims to connect macroscopic

information readily obtained from IR spectrum

measurements and  microscopic  properties
observed through Molecular Dynamics (MD)
simulation and Quantum Mechanics (QM)

chemical computation. This is achieved through
the “Weight Averaged Anharmonic Vibrational
method, which
successfully applied to sphingomyelin and Nylon

Analysis” was previously
systems, to calculate highly accurate IR spectra of

RO aromatic membranes at a low computational

IRt &

cost. To observe membrane structure and water
moisture effect on the IR spectrum, several sets of
polyamide membranes at different water mass
ratios were investigated and compared to actual

experimental results.

2. BARReRIRNE. BHEE
Initially, previously constructed dry membrane
systems were populated with water molecules,
where two snapshots for different conditions are
shown in Fig. 8 b) and c). The water content was
increased from 3.05 up to 15.81 wt%, resulting in 6
distinct hydration levels. For each hydration level,
four systems were created, resulting in 24 unique
systems. Each system was then sampled for 40 ns.
All MD simulations were conducted with the
LAMMPS package.

An in-house analysis program was then used to
investigate the hydrogen bond network of the
systems. The polyamide was divided into smaller
elements, as shown in Fig 8 d) and the hydrogen
bond connectivity between them and also water
molecules was used to identify the 78 dominant
clusters, where only the first hydration shell was
considered for each central cluster element. Each
of these clusters was extracted and geometrically
optimized with  Gaussian09. To conduct
anharmonic vibrational analysis, SINDO program
developed by this group was used to generate up to
641 grid points for each cluster, where the energies
and gradients were computed via Gaussian09,
taking advantage of the bulk job mode on GW-MPC
to run a number of

large independent

computations in parallel. From these values,
anharmonic IR spectrum for each cluster was
calculated by the VQDPT2 method implemented in
the SINDO package. Finally, the whole system
spectrum was constructed by summing individual
cluster spectra with cluster population used as
weight. The density function theory was used with
B3LYP for QM computations, where the basis sets

were set to 6-31+G* for hydrogen atoms bound to
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benzene rings and 6-31+G** for everything else.

3. AR
The computed and experimental spectra in Fig. 9
show an excellent match. Several important
revelations were obtained from this research.
Firstly, regardless of the low amount of benzoic
acid groups in both the model and the actual RO
membrane, benzoic acid shows a significant
contribution to the spectra, where the peak (c) and
dip (d) in Fig. 9 clearly indicate the presence of
protonated benzoic acid. On the other hand, no
significant peaks or dips can be observed at (e) in
Fig. 9, which would indicate the presence of
deprotonated benzoic acid. This indicate that no
noticeable change in protonated/deprotonated
populations occur during change in humidity. This
is an important discovery, as the deprotonation of
benzoic acid negatively charges the membrane,
which plays an important role in filtration and
resistance to fouling. Another discovery, is the lack
of a significant dip at (a) in Fig. 9 due to N-H
stretching of the amide bonds, which was very
prominent in Nylon systems that were previously
investigated with this method. This indicates a
relatively weaker inter-polymer interaction in RO
membranes, which would result in greater water
As the

permittivity is experimentally observed, this offers

permittivity. difference in water
a means to gauge the water permittivity efficiency

via spectrum measurement.

4. F&¥
We were able to produce high precision IR

computational spectrum via the “Weight Averaged

R E

Anharmonic Vibrational Analysis” method, with
relatively small amount of computations and
connect several features of the IR spectrum with
the microscopic structure of RO membranes. This
result paves the way for further studies of RO
membranes to improve the interpretation and

understanding of IR spectrum.

5. A#%OFH - EBY

While an accurate QM spectrum has been
produced and molecular details extracted, there
still remain uncertainties about the finer details.
One such detail is the protonation state of the
benzoic acid cluster, as the IR spectrum indicated
a substantial amount of protonated clusters, while
the pKa value indicates that most of clusters
should be deprotonated. As an attempt to shed
more details to this subject, QM/MM computation

of this region will be conducted.

Calculation
81% — 11%

Experiment
84% — 13%

Absorbance

3500 3000 2500 2000 1500

4000 1000
Wavenumber (cm™!)
Fig. 9. Computational and experimental

difference spectra. The percentages indicate
humidity of used. Letters indicate the presence
or lack of important bands.
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